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ABSTRACT

Adult neurogenesis, the generation of new neurons from adult precursor cells, occurs in
the brains of a phylogenetically diverse array of animals. In the higher (amniotic) verte-
brates, these precursor cells are glial cells that reside within specialized regions, known as
neurogenic niches, the elements of which both support and regulate neurogenesis. The in vivo
identity and location of the precursor cells responsible for adult neurogenesis in nonverte-
brate taxa, however, remain largely unknown. Among the invertebrates, adult neurogenesis
has been particularly well characterized in freshwater crayfish (Arthropoda, Crustacea),
although the identity of the precursor cells sustaining continuous neuronal proliferation in
these animals has yet to be established. Here we provide evidence suggesting that, as in the
higher vertebrates, the precursor cells maintaining adult neurogenesis in the crayfish Pro-
cambarus clarkii are glial cells. These precursor cells reside within a specialized region, or
niche, on the ventral surface of the brain, and their progeny migrate from this niche along
glial fibers and then proliferate to form new neurons in the central olfactory pathway. The
niche in which these precursor cells reside has many features in common with the neurogenic
niches of higher vertebrates. These commonalities include: glial cells functioning as both
precursor and support cells, directed migration, close association with the brain vasculature,
and specialized basal laminae. The cellular machinery maintaining adult neurogenesis
appears, therefore, to be shared by widely disparate taxa. These extensive structural and
functional parallels suggest a common strategy for the generation of new neurons in adult

brains. J. Comp. Neurol. 500:574-584, 2007.

© 2006 Wiley-Liss, Inc.

Indexing terms: glia; migration; neurogenic niche; olfaction; vasculature

New neurons continue to be added to specific regions in
the brains of many animals throughout adulthood (Kem-
permann, 2000). In vertebrates, adult-born neurons are
the progeny of precursor cells residing within specialized
brain regions, termed neurogenic niches (Garcia-Verdugo
et al., 2002; Doetsch, 2003a; Ma et al., 2005). The cellular
and extracellular elements that make up these niches not
only support the precursor cells structurally but also func-
tionally regulate their activity and the development of
their progeny (Song et al., 2002; Doetsch, 2003a,b; Shen et
al., 2004; Ma et al., 2005). Glial cells are key components
of the neurogenic niches of adult vertebrates, acting both
as the precursor cells and in the support and regulation of
neurogenesis (Garcia-Verdugo et al., 2002; Song et al.,
2002; Doetsch, 2003a,b; Garcia et al., 2004; Seri et al.,
2004; Ma et al., 2005). These cells also guide and regulate
the migration of newborn cells to the regions of the brain
in which they differentiate into neurons (Lois et al., 1996;
Bolteus and Bordey, 2004). Additional important niche
elements include a close association with the vasculature
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and the presence of specialized basal laminae (Palmer et
al., 2000; Garcia-Verdugo et al., 2002; Mercier et al., 2002;
Palmer, 2002; Doetsch, 2003a; Ma et al., 2005).

While adult neurogenesis is known to occur in a phylo-
genetically diverse array of animals, neurogenic niches
have thus far been described only in the brains of verte-
brates. Similarly, the in vivo identities of the progenitor
cells maintaining adult neurogenesis in nonvertebrate an-
imals remain largely unknown. Among the invertebrates,
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adult neurogenesis has been particularly well character-
ized in decapod crustaceans (Arthropoda, Malacostraca).
As in the vertebrates, new neurons are added continu-
ously to the brains of decapods throughout life (crayfish:
Sandeman et al., 1998; Schmidt and Harzsch, 1999; Sul-
livan and Beltz, 2005; crabs: Schmidt, 1997, Hansen and
Schmidt, 2001, 2004; lobsters: Harzsch et al., 1999; spiny
lobsters: Schmidt, 2001). Most of the neurons in the brains
of adult decapods are born during embryonic development
and are the progeny of large precursor cells, known as
neuroblasts (for review see Harzsch, 2003). Decapod neu-
roblasts degenerate during embryonic or early postembry-
onic development, however, indicating that these cells are
not the precursors of adult-born neurons. A permanent
cell line has been established in vitro from the adult cray-
fish brain (Neumann et al., 2000), suggesting that the
precursor cells responsible for maintaining neurogenesis
in adult crayfish are located within the brain itself, al-
though these cells have not yet been identified.

Adult neurogenesis in crayfish occurs within two popu-
lations of interneurons innervating the olfactory lobe, the
functional homologue of the vertebrate olfactory bulb, and
the accessory lobe, a higher order multimodal synaptic
area (see Fig. 1A). The somata of these interneuronal
populations form two spatially distinct groups, located
lateral and medial to the lobes, known as clusters 10 and
9, respectively (terminology from Sandeman et al., 1992).
Cluster 10 contains the somata of olfactory projection
neurons, and cluster 9 is comprised of the somata of local
interneurons (Mellon et al., 1992). Labelling with cell-
cycle markers, such as the substitute nucleoside bromode-
oxyuridine (BrdU), shows that cell proliferation in these
areas is restricted to two regions, the lateral (LPZ) and
medial (MPZ) proliferation zones (see Fig. 1A). Cells born
in the LPZ contribute to cluster 10, and those born in the
MPZ form part of cluster 9 (Sullivan and Beltz, 2005).
Although proliferation in the LPZ and MPZ has been
examined in detail, the precursor cells sustaining this
mitotic activity have yet to be identified.

Here we provide evidence suggesting that the precursor
cells maintaining life-long proliferation in the LPZ and
MPZ of the crayfish Procambarus clarkii are glial cells
residing within a specialized niche on the ventral surface
of the brain. This niche possesses remarkable structural
and functional parallels with the neurogenic niches of
adult vertebrates. Glia within the crayfish niche appear to
act as both precursor and support cells and are in close
association with the vasculature and specialized basal
laminae. The striking similarities in the cellular machin-
ery maintaining adult neurogenesis in the brains of cray-
fish and higher vertebrates suggest a common strategy
across animal phyla for generating new neurons in adult
brains. Some of this work has appeared previously in
abstract form (Sullivan et al., 2005).

MATERIALS AND METHODS
Animals

Male and female crayfish, Procambarus clarkii (Mala-
costraca, Decapoda, Astacidae), were obtained from Caro-
lina Biological Supply Company (Burlington, NC) and
maintained in aquaria with artificial freshwater and a
light:dark cycle of 12:12 hours.
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Antibodies

The following primary antibodies were used: monoclo-
nal mouse anti-Drosophila synapsin (1:50; a gift from Dr.
E. Buchner; No. SYNORF1), monoclonal rat anti-5-bromo-
2'-deoxyuridine (BrdU; 1:50; Accurate Chemical, West-
bury, NY; No. OBT0030G), monoclonal mouse anti-BrdU
(1:50; BD Biosciences Pharmingen, San Jose, CA; No.
347580), polyclonal rabbit anti-SIFamide (1:12,000; a gift
from Dr. A. Yasuda), monoclonal mouse antiallatostatin
[1:10; Developmental Studies Hybridoma Bank (DSHB),
Towa City, IA; No. 5F10], polyclonal rabbit antiorcokinin
(1:5,000; a gift from Dr. H. Dircksen), monoclonal mouse
antiglutamine synthetase (1:100; BD Biosciences Pharm-
ingen; No. 610517), polyclonal rabbit antiphosphohistone
H3 (Thrll; 1:200; Upstate Biotechnology, Lake Placid,
NY; No. 07-492), monoclonal mouse anti-MCM2-7 (1:25; a
gift from Dr. A. Schwacha; No. AS1.1), monoclonal rat
anti-DN-cadherin (1:10; DSHB; No. DN-E8), monoclonal
mouse anti-B-tubulin (1:10; DSHB; No. E7), and monoclo-
nal mouse anti-Elav (1:10; DSHB; No. Elav-9F8A9).

In singly labelled preparations, these primary antibod-
ies were labelled with goat anti-mouse Alexa 488, goat
anti-rabbit Alexa 488, and goat anti-rat Alexa 488 second-
ary antibodies (1:50; Molecular Probes, Eugene, OR). In
double-labelled preparations, donkey anti-mouse Cy5,
donkey anti-rabbit Cy2, and donkey anti-rat Cy2 second-
ary antibodies were used (1:100; Jackson Immunore-
search, West Grove, PA).

Antibody characterizations

The mouse anti-Drosophila synapsin antibody (SYN-
ORF'1) was raised against a GST-synapsin fusion protein
and recognizes at least four synapsin isoforms (~70, 74,
80, and 143 kDa) in Western blots of Drosophila head
homogenates (Klagges et al., 1996). This antibody stains a
single band at ~75 kDa in Western blot analyses of P.
clarkii brain homogenate (J. Sullivan, unpublished re-
sult). The rat anti-BrdU antibody was raised against
BrdU. This antibody reacts with BrdU but does not cross-
react with iododeoxyuridine (IdU; Burns and Kuan, 2005).
The mouse anti-BrdU antibody was raised against a con-
jugate of iodouridine and ovalbumin and is highly specific
for BrdU and IdU (Gratzner, 1982). Control experiments
in P. clarkii showed that, after exposure of animals to
BrdU, both the mouse anti-BrdU and the rat anti-BrdU
antibodies labelled cells in the brain proliferation zones
but that labelling in these regions after exposure of ani-
mals to IdU was observed only with the mouse anti-BrdU
antibody (J. Benton, unpublished results), thus confirm-
ing the specificities of these two antibodies. The rabbit
anti-SIFamide antibody was raised against the SIFamide
peptide (GYRKPPFNGSIFamide) conjugated to bovine se-
rum albumin (BSA; A. Yasuda, unpublished), and staining
with this antiserum in P. clarkii is colocalized with in situ
hybridization for the mRNA for the same neuropeptide
(Yasuda et al.,, 2004; Yasuda-Kamatani and Yasuda,
2006). The mouse antiallatostatin antibody was raised
against allatostatin 7 (the synthetic sequence APSGAQR-
LYGFGLamide) of the cockroach Diploptera punctata
(Dippu-AST 7; allatostatin I) N-terminal coupled to BSA
(Stay et al., 1992). Immunoreactivity in the cockroach
brain and corpora allata-corpora cardiaca was eliminated
by preadsorption of the antibody with the synthetic pep-
tide (Stay et al., 1992). The brain of P. clarkii contains 27



576

allatostatin-like peptides, all of which share a conserved
C-terminal sequence (—-YXFGLamide; Yasuda-Kamatani
and Yasuda, 2006). Because the antigen used to generate
this antibody is no longer available, additional preadsorp-
tion controls were not done for the present study. How-
ever, the conserved C-terminal sequence also is shared
with allatostatin 7 of D. punctata, so the allatostatin an-
tibody is likely to label several of the allatostatin-like
peptides present in the brain of P. clarkii. The rabbit
antiorcokinin antibody was raised against a thyroglobulin
conjugate of [ASN'®] orcokinin (NFDEIDRSGFGFN; Bun-
gart et al., 1994). All staining with this antiserum in the
crayfish Orconectes limosus (Malacostraca, Decapoda, As-
tacidae) was abolished when the diluted antibody was
preincubated with 50 nmol of the immunizing peptide
(Dircksen et al., 2000). The mouse antiglutamine syn-
thetase antibody was raised against sheep glutamine syn-
thetase. For Western blots of P. clarkii brain homogenate,
we find that this antibody stains a single band at ~44 kDa
(J. Sullivan, unpublished result). This immunoreactive
peptide has a molecular weight similar to that of glu-
tamine synthetase in the brain of the spiny lobster Panu-
lirus argus (~42 kDa; Linser et al., 1997). The rabbit
antiphosphohistone H3 (Thr 11) antibody was raised
against a synthetic peptide ARKS[pT]GGKAPRKQLC, in
which pT corresponds to phosphothreonine 11 of human
histone H3, conjugated to keyhole limpet hemocyanin (Up-
state Biotechnology). Phosphorylation of histone H3 at
Thrl11 occurs from prophase to early anaphase (Preuss et
al., 2003), thus making this antibody an M-phase marker.
Because the immunizing antigen was not available,
preadsorption controls were not done as part of the
present study. Western blots of P. clarkii brain homoge-
nate showed no specific staining with this antibody (J.
Sullivan, unpublished result), which most likely is due to
the low abundance of the histone H3 antigen in the ma-
ture brain. The mouse anti-MCM2-7 antibody was raised
against the Walker B box (IDEFDKM-D) on all of the
MCM2-7 proteins of yeast (Klemm and Bell, 2001;
Schwacha and Bell, 2001). This antibody has been shown
to cross-hydrolyze with the MCM2-7 proteins of inverte-
brate species, including Drosophila (Claycomb et al.,
2002). Expression of the MCM2-7 proteins is restricted to
the G1 phase of the cell cycle (Cvetic and Walter, 2006).
Because this antibody is no longer available, confirmatory
specificity studies were not done in P. clarkii. The rat
anti-DN-cadherin antibody was raised against a fusion
protein representing cadherin repeats 2—8 of the extracel-
lular domain of Drosophila N-cadherin (Iwai et al., 1997).
This antibody stains a single band at ~250 kDa in West-
ern blots of P. clarkii brain homogenate (J. Sullivan, un-
published result). The mouse anti-B-tubulin antibody was
raised against a B-tubulin-galactosidase/ftz fusion pro-
tein. This antibody stains a single band at ~55 kDa in
Western blots of P. clarkii brain homogenate (J. Sullivan,
unpublished result). The mouse anti-Elav antibody was
raised against the Drosophila Elav, a neuronal RNA-
binding protein (Robinow et al., 1988). Evidence suggests
that Elav-like RNA-binding proteins have been evolution-
arily conserved in metazoans (Yao et al., 1993), but they
have yet to be characterized in crustaceans. The identity
of the antigen in the crayfish brain to which the anti-Elav
antibody binds is therefore unknown. Preliminary exper-
iments showed that this antibody revealed previously un-
described anatomical features of the crayfish brain. There-
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fore, the antibody was used in this study as a histological
reagent, rather than as a specific marker of an Elav-like
protein.

Immunocytochemical labelling

Brains were dissected from crayfish in cold crayfish
saline (mM: 205 NaCl, 5.4 KCl, 34.4 CaCl,, 1.2 MgCl,, 2.4
NaHCO,, pH 7.4) and then fixed either overnight at 4°C in
4% paraformaldehyde in 0.1 M phosphate buffer (PB; syn-
apsin, BrdU, SIFamide, allatostatin, orcokinin, glutamine
synthetase, phosphohistone H3, B-tubulin, Elav) or for 1
hour on ice in methanol/formalin (9:1, v:v; MCM2-7, DN-
cadherin). Subsequently, preparations were rinsed for 4
hours in PB, suspended in 6% Noble agar (Difco, Detroit,
MI), and sectioned at 100 pm. Tissue sections were rinsed
in PB containing 0.3% Triton X-100 (PBTx) for 2 hours
and incubated overnight at 4°C in the primary antibodies.
After incubation in the primary antibodies, sections were
rinsed for 4 hours in PBTx and then incubated overnight
in the appropriate secondary antibodies. Some sections
were also counterstained with the nuclear stain pro-
pidium iodide (25 pg/ml in PB; Sigma, St. Louis, MO) for
15 minutes. Subsequently, sections were rinsed for 2
hours in PBTx and mounted in Gelmount (Biomeda, Fos-
ter City, CA).

In vivo BrdU labelling

Proliferating cells were labelled by using the thymidine
analogue BrdU. Crayfish were exposed to BrdU (Sigma)
by placing them in solutions of the substitute nucleoside (2
mg/ml) for periods ranging from 4 hours to 4 weeks. Dur-
ing long-term BrdU exposures, solutions were refreshed
every 2-3 days. Brains were fixed and processed for im-
munostaining as described by Sullivan and Beltz (2005).

Pulse-chase BrdU experiments

Crayfish were initially exposed to BrdU (2 mg/ml) for 10
hours. Brains were removed and fixed from animals im-
mediately after BrdU exposure (n = 9 hemibrains) and at
6 days (n = 16 hemibrains) and 12 days (n = 16 hemi-
brains) after exposure. Preparations were then processed
for BrdU and glutamine synthetase immunocytochemis-
try, as described by Sullivan and Beltz (2005), and the
numbers and distribution of BrdU-labelled cells within
the glial tracts compared among the different time points.
Initially, the total numbers of BrdU-labelled cells within
the tracts were counted. The effect of time on the numbers
of labelled cells within the tracts was then analyzed by
using one-way analysis of variance (ANOVA). Post hoc
pairwise comparisons were then made between groups via
t-test. To examine the distribution of the labelled cells
within the tracts, the total length of the tract spanning
from the MPZ to the LPZ (se Fig. 1A) was first measured.
The entire tract was then divided into percentiles, with
the margin of the MPZ designated 0% and that of the LPZ
as 100%. The number of labelled cells within each 10% of
the tract was then counted.

Double nucleoside analogue-labelling
experiments
Crayfish were exposed initially to BrdU (2 mg/ml) for 6

hours. Animals were then rinsed several times in fresh
water and placed in individual aquaria for 6 days. Subse-



The Journal of Comparative Neurology. DOI 10.1002/cne

A NEUROGENIC NICHE IN THE ADULT CRAYFISH BRAIN

A

LPZ

olfactory
lobe

e
C| 10 e ’.'*‘ -
id

accessory

Fig. 1. Neurogenesis in the olfactory pathway of the adult crayfish
brain. A: Confocal image of the olfactory and accessory lobes of P.
clarkii in a brain labelled immunocytochemically for BrdU (green)
and Drosophila synapsin (blue) and counterstained with propidium
iodide (red), a marker of nucleic acids. BrdU-labelled cells can be
observed within both the lateral (LPZ) and medial (MPZ) proliferation
zones. The inset shows a schematic drawing of the brain, and the red
box delineates the region shown. B: BrdU (blue) and SIFamide (green)
immunolabelling in cluster 10 six months after the exposure of the

quently, the crayfish were placed in solutions of IdU (2
mg/ml) for 6 hours. Brains were removed from the animals
and fixed, processed, and mounted as described above.
This double-labelling method is based on the different
affinities of two anti-BrdU antibodies (Burns and Kuan,
2005): a mouse anti-BrdU antibody that recognizes both
BrdU and IdU and a rat anti-BrdU antibody that recog-
nizes only BrdU. Because of the different affinities of these
primary antibodies, the application of the appropriate sec-
ond antibodies results in double labelling of cells that have
incorporated BrdU and single labelling of cells that incor-
porated only IdU.

Intracellular staining of individual glial
cells

Intracellular staining of cells with Lucifer yellow CH
(Sigma) was performed as described by Sullivan et al.
(2000).

Dye injections into the brain vasculature

The dorsal artery to the crayfish brain was exposed,
cannulated, and perfused with chilled crayfish saline in a
semiintact brain preparation, as described by Sandeman
et al. (1995). The brain was initially perfused with saline
for several minutes to flush the hemolymph from the brain
and prevent the blockage of fine brain capillaries through
clotting. Subsequently, the input to the cannula was
switched to a sidearm containing a concentrated solution
of dextran tetramethylrhodamine 3,000 MW (Micro-Ruby;
Molecular Probes), which was perfused into the brain over
several minutes. Brains were then fixed overnight at 4°C
in 4% paraformaldehyde and sectioned, processed, and
mounted as described above.
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animal to BrdU. Double-labelled cells are indicated by the arrow-
heads. The inset shows a higher magnification image of the soma of
a double-labelled neuron. C: Double labelling of a soma for BrdU (red)
and orcokinin (green) in cluster 9 of an animal exposed 6 months
previously to BrdU. D: Double labelling of a cluster 9 soma for BrdU
(red) and allatostatin-like peptide (blue). cl 9, Soma cluster 9; cl 10,
soma cluster 10; LPZ, lateral proliferation zone; MPZ, medial prolif-
eration zone. Scale bars = 100 pm in A; 20 wm in B; 10 pm in inset in
B; 15 pm in C,D.

Confocal microscopy and image processing

Specimens were viewed with a Leica TCS SP laser scan-
ning confocal microscope equipped with argon, krypton,
and helium-neon lasers. Serial optical sections were taken
at intervals of 1 pm and saved as both three-dimensional
stacks and two-dimensional projections. Images were pro-
cessed to adjust brightness and contrast in Adobe Photo-
shop 7.0 (Adobe Systems).

RESULTS

Newborn cells in the LPZ and MPZ
differentiate into neurons

To examine the differentiation of newborn cells in the
LPZ and MPZ, crayfish were exposed to BrdU for 8 days to
label large numbers of newborn cells and then left for a
period of 6 months to allow these cells to differentiate. The
brains of these animals were then labelled immunocyto-
chemically for BrdU and for neurotransmitters known to
be expressed by olfactory interneurons in P. clarkii
(allatostatin-like peptide, orcokinin, SIFamide; Yasuda-
Kamatani and Yasuda, 2006). Subsequently, brains were
examined for the presence of double-labelled (BrdU +
neurotransmitter) somata within clusters 10 and 9.

Double-labelled somata were observed in both cluster 10
and cluster 9 (Fig. 1B-D), indicating that adult-born cells
in both the LPZ and the MPZ differentiate into neurons.
BrdU-labelled cells in cluster 10 contain SIFamide immu-
noreactivity (Fig. 1B), whereas newborn cells in cluster 9
differentiated into neurons expressing orcokinin (Fig. 1C)
or allatostatin-like peptide (Fig. 1D).
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Fig. 2. The LPZ and MPZ are contacted by the processes of a
specialized population of glial cells. A,B: BrdU (red) and glutamine
synthetase (green) labelling of the LPZ (A) and MPZ (B). Arrowheads
indicate the glutamine synthetase-immunoreactive tracts contacting
the two proliferation zones. C: Glutamine synthetase labelling show-
ing that the tracts contacting the LPZ and MPZ are contiguous and
extend from an expanded region (red box) on the ventral surface of the
accessory lobe. D-F: Glutamine synthetase (green) and propidium
iodide (blue) labelling showing that the expanded region represents a

The LPZ and MPZ are contacted by the
processes of a specialized population of
glial cells

Immunocytochemical labelling with the glial marker
glutamine synthetase (Linser et al., 1997; Sullivan and
Beltz, 2005; Allodi et al., 2006) revealed that both the LPZ
and the MPZ are targeted by the processes of a hitherto
undescribed population of glial cells (Fig. 2A—C). These
cells differ from other glia in the brain in their close
proximity to one another and in the fasciculation of their
processes into tracts (Fig. 2). The somata of these cells are
densely packed into an oval-shaped cluster on the ventral
surface of the brain (Fig. 2C—G). Each soma within this
cluster is glutamine synthetase-immunoreactive, indicat-
ing that all of these cells express glial features (Fig. 2D—
F). Lateral and medial subpopulations within the cluster
are grouped around a circular, unlabelled region (Fig.
2D-F). Intracellular dye fills of individual glial cells show
them to be bipolar, with short processes projecting to the
central, unlabelled region in the cluster and longer pro-
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glial soma cluster. The inset in D shows the arrangement of glia
elsewhere in the brain. Arrows indicate a central, unlabelled region of
the cluster. G: Intracellular dye fills (green) show that the glia (as-
terisks) have processes (single arrowheads) projecting to the center of
the cluster (arrow) and toward the proliferation zones (double arrow-
heads). Glutamine synthetase (blue) and propidium iodide (red) label-
ling are also shown. LPZ, lateral proliferation zone; MPZ, medial
proliferation zone. Scale bars = 40 pm in A,B; 75 pm in C; 50 wm in
D-F, inset; 20 pm in G.

cesses that fasciculate to the form the tracts projecting to
the LPZ and MPZ (Fig. 2G). Glia with somata in the
lateral region of the cluster project to the LPZ, whereas
glia in the medial region contribute processes to the tract
projecting to the MPZ.

To further characterize the glial soma cluster, we exam-
ined its association with the brain vasculature and with
specialized basal laminae, both of which are important
structural and functional elements of the neurogenic
niches of adult mammals. Preliminary experiments
showed that the mouse anti-Elav antibody labelled the
region of the glial soma cluster surrounding the central,
unlabelled area (Fig. 3A,B). This antibody proved a useful
marker for demarcating the border of the central, unla-
belled region of the glial cluster and was used as such,
rather than as a specific marker of an Elav-like protein.

Labelling of the crayfish brain vasculature via dextran
injections into the dorsal artery resulted in strong label-
ling of the central region of the glial cluster (Fig. 3C). This
region, to which the short processes of the glia project (Fig.
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Fig. 3. The glial soma cluster is closely associated with the vascu-
lature and specialized basal laminae. A,B: B-Tubulin (red) labelling of
the glial soma cluster. The region of the cluster surrounding the
central, unlabelled portion is immunoreactive to an anti-Elav anti-
body (green in B). C: Dextran (red) injections into the dorsal artery
show that the central region of the glial cluster, outlined by anti-Elav
(green) labelling, is confluent with the vasculature (arrows). We have
named this region the vascular cavity. Propidium iodide (blue) label-
ling is also shown. The inset shows dextran labelling of the vascula-
ture of the olfactory and accessory lobes. D: A basal lamina within the

2G), is therefore confluent with the brain vasculature.
Consequently, we have named this region the vascular
cavity.

glial soma cluster labelled with an antibody to DN-cadherin (red).
Elav (blue) and propidium iodide (green) labelling are also shown. The
inset shows labelling of basal laminae separating a synaptic area
(SA) and adjacent soma cluster (SC). E: Stacked confocal image of
DN-cadherin-like labelling of a basal lamina in the glial soma cluster
showing that it has a complex, latticed structure. AL, accessory lobe;
OL, olfactory lobe; SA, synaptic area; SC, soma cluster. Scale bars =
25 pm in A-C; 100 pm in inset in C; 40 pm in D; 50 pm in inset in D;
10 pm in E.

To examine the distribution of basal laminae in the
crayfish brain, we used an antibody against N-cadherin, a
cell adhesion molecule expressed in some vertebrate basal
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Fig.4. The glial soma cluster contains mitotically active cells. A,B:
BrdU labelling (red in A) within the glial soma cluster in animals
exposed to BrdU for 2 weeks. Glutamine synthetase (green) labelling
is also shown in A. The inset in B shows a cell within the cluster
labelled for phosphohistone H3 (Thr11), an M-phase marker. Asterisk

laminae (Cifuentes-Diaz et al., 1994). Labelling with this
marker was observed throughout the brain, primarily of
basal laminae separating synaptic areas and adjacent
soma clusters (Fig. 3D, inset). In addition, N-cadherin-like
labelling was found within the glial cluster surrounding
the vascular cavity. In contrast to the simple, sheet-like
structure of basal laminae in the remainder of the brain,
the lamina within the cluster is a complex, spherical,
latticed structure (Fig. 3D,E).

The glial soma cluster is a proliferative
region

Short (4—24 hours) exposure to BrdU rarely yielded
labelled cells within the cluster (data not shown). In con-
trast, longer (10-14 days) exposure times reliably labelled
1-2 cells in both the medial and the lateral subpopulations
of the cluster (Fig. 4A,B). These cells were also labelled
with an M-phase marker [phosphohistone H3 (Thrll);
Preuss et al., 2003], indicating that they undergo mitosis
(Fig. 4B, inset). Exposure times of 3—-4 weeks did not
result in an increase in the number of BrdU-labelled cells.
The length of time required to label these cells with BrdU
implies that they are relatively quiescent, as are the pre-
cursor cells in the neurogenic niches of adult vertebrates
(Morshead et al., 1994; Maslov et al., 2004). Quiescence is
a common characteristic of precursor cells, particularly
stem cells, which may rest in G1 phase of the cell cycle for
several days between cell divisions (Morshead et al., 1994,
Maslov et al., 2004). Indeed, we routinely labelled 1-2
cells in each subpopulation of the glial soma cluster by
using a G1 phase-specific marker (MCM2-7; Cvetic and
Walter, 2006; Fig. 4C,D). Together, these results demon-
strate that the glial cluster contains a small number of
mitotically active cells and that these cells exhibit in vivo
properties of precursor cells.

The glial tracts are migratory pathways to
the LPZ and MPZ

Double labelling with BrdU and glutamine synthetase
revealed that BrdU-labelled cells also occur along the
lengths of the glial tracts projecting to the LPZ and MPZ

marks the vascular cavity. C,D: A Gl-phase marker, MCM2-7
(green), labels cells in the lateral (C) and medial (D) glial subpopula-
tions. Glutamine synthetase (red) labelling is also shown. Asterisks
mark the vascular cavity. Scale bars = 25 pm.

(Fig. 5A,B), suggesting that many of the cells within the
tracts are mitotically active. This arrangement suggested
that the glial tracts might represent migratory pathways
from the glial cluster to the two proliferation zones. To
determine whether cells do, in fact, migrate along the
tracts, we exploited their mitotic activity and the rela-
tively long cell cycle times (>120 hours) of adult decapod
crustaceans (Schmidt, 2001) to label and examine these
cells over several days. Cells within the tracts were la-
belled by using a 10-hour exposure to BrdU. The numbers
and distributions of cells within the glial tracts were then
compared immediately after exposure to BrdU and at 6
and 12 days after exposure. The total number of labelled
cells within the tracts decreased significantly at both 6
(P < 0.01, ¢-test) and 12 (P < 0.0001, ¢-test) days (Fig.
5C-E). In most of the animals at day 12 (n = 10 of 16
hemibrains), no labelled cells were observed in the tracts
outside the regions immediately adjacent to the prolifer-
ation zones, and, in two of these animals, no labelled cells
were present in the tracts. Plots of the distribution of
labelled cells along the tracts show that, immediately
after exposure, cells are arranged along the entire length
between the LPZ and the MPZ, with numbers increasing
toward the proliferation zones (Fig. 5F). This distribution
profile is repeated on days 6 and 12, although with in-
creasingly fewer cells, which is consistent with the idea
that cells are leaving the tracts and entering the prolifer-
ation zones. We also showed that a new population of
dividing cells replaces those leaving the tracts by using a
double nucleoside analogue-labelling technique (Burns
and Kuan, 2005). Animals were exposed initially to BrdU
and 6 days later to IdU. We then compared the distribu-
tions within the tracts of cells labelled with the two sub-
stitute nucleosides. While IdU-labelled cells were ob-
served along the tracts, BrdU-labelled cells occurred only
in the regions of the tracts adjacent to the proliferation
zones (Fig. 6), suggesting that we are observing directed
migration toward the lateral and medial proliferation
zones. Accordingly, we have named these tracts the lateral
and medial migratory streams (LMS, MMS).
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Number of BrdU-labelled cells

Number of BrdU-labelled cells

Fig. 5. The glial tracts are migratory pathways. A,B: BrdU (red),
B-tubulin (green in A), and glutamine synthetase (green in B) label-
ling of the glial tracts projecting to the LPZ (A) and MPZ (B) shows
that the tracts contain BrdU-labelled cells. C: Histogram showing the
numbers of BrdU-labelled cells within the glial tracts 0, 6, and 12 days
after exposure to BrdU (mean = SD). The number of labelled cells
decreased significantly over time (P < 0.0001 by one-way ANOVA;

DISCUSSION

Although neuronal proliferation and its regulation
have been examined in detail in adult decapod crusta-
ceans (for review see Beltz and Sandeman, 2003), the
identity of the precursor cells sustaining this life-long
mitotic activity has remained elusive. In the present
study, we show that the two proliferation zones in the
brain of adult crayfish P. clarkii, the LPZ and MPZ, are
contacted by a specialized population of glial cells whose
soma cluster forms an additional proliferative site on
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the ventral surface of the brain. The processes of these
glial cells fasciculate to form tracts along which cells
migrate from the glial soma cluster to both the MPZ and
the LPZ, where proliferating cells differentiate into
neurons. Together, these results suggest that cells
within the glial soma cluster are the precursor cells
maintaining adult neurogenesis in P. clarkii and that
this cluster, therefore, represents a neurogenic niche.
The vast majority of the neurons in the adult decapod
central nervous system (CNS) are born during embryonic
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Fig. 6. The glial tracts are migratory pathways to the proliferation
zones. BrdU (cyan) and IdU (blue) labelling in the LPZ and the
adjacent region of the glial tract in a double-nucleoside labelling
experiment in which crayfish were exposed initially to BrdU and then
6 days later to IdU. Double arrowheads show BrdU-labelled cells in
the region of the glial tract immediately adjacent to the LPZ; arrows
indicate IdU-labelled cells occurring along regions of the tract closer
to the glial soma cluster. Scale bar = 40 pm.

development (for review see Harzsch, 2003). These neu-
rons are the progeny of large precursor cells, known as
neuroblasts, which arise during early embryonic develop-
ment and generate specific lineages of neurons before
degenerating during late embryonic or early postembry-
onic development. There is no evidence that the embryonic
neuroblasts persist beyond early postembryonic develop-
ment. The identity of the cells maintaining the continuous
neurogenesis observed in the LPZ and MPZ of adult deca-
pods has therefore remained unclear. The results of the
present study suggest that the precursors of adult-born
neurons in P. clarkii are a small population of specialized
glial cells residing on the ventral surface of the accessory
lobe. The progeny of these cells appear to migrate along
glial tracts to the LPZ and MPZ, where proliferation oc-
curs. This arrangement suggests that these migrating
cells may represent an amplification stage analogous to
the transit-amplifying cells (type-C cells) of the neuro-
genic niches of adult mice (Doetsch, 2003b). The LPZ and
MPZ of P. clarkii appear, therefore, to be functionally
analogous to the neurogenic zones in the hippocampal
regions of adult rodents, which also do not contain the
precursor cells responsible for maintaining adult neuro-
genesis (Seaberg and van der Kooy, 2002; Bull and Bar-
tlett, 2005). The identity and location of the precursor cells
maintaining adult hippocampal neurogenesis remain un-
known, although it is hypothesized that they reside out-
side the hippocampus and that, as in P. clarkii, their
progeny migrate to the neurogenic zones, where they pro-
liferate to form new neurons (Bull and Bartlett, 2005).
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Comparative studies of adult neurogenesis in the higher
(amniotic) vertebrates have revealed that the in vivo pri-
mary precursor cells in these animals are glial cells: as-
trocytes in mammals and radial glia in birds and reptiles
(Garcia-Verdugo et al., 2002; Doetsch, 2003a,b; Merkle et
al., 2004; Ma et al., 2005). Glial cells also play important
supporting and regulatory roles within the neurogenic
niches of these animals (Song et al., 2002; Doetsch,
2003a,b; Shen et al., 2004; Ma et al., 2005). Similarly, the
results of the present study suggest that the glial cells
located in the neurogenic niche of P. clarkii have diverse
functions, acting as both precursor and support cells as
well as directing the migration of newborn cells to the LPZ
and MPZ. These glial cells differ from other brain glia in
the close proximity of their soma and the fasciculation of
their processes into tracts (Linser et al., 1997; Sullivan
and Beltz, 2005; Allodi et al., 2006). Little is known about
the cell biology of brain glia in decapods, so it remains
unclear in what other ways these glial subpopulations
might be distinctive. Similarly, nothing is currently
known about the developmental origin of the brain glia of
adult decapods. It is also not clear, therefore, whether the
glial cells forming the niche arise from a lineage different
from that of other brain glia. A first step toward address-
ing this question will be to determine the developmental
stage at which the neurogenic niche is formed. These
investigations will also be important in determining
whether this niche contributes to the embryonic develop-
ment of the brain or whether its functions are specific to
adult neurogenesis.

While glial cells represent the key elements of verte-
brate neurogenic niches (Doetsch, 2003b; Ma et al., 2005),
basal laminae and the brain vasculature have also been
recognized as important niche components (Palmer et al.,
2000; Louissaint et al., 2002; Mercier et al., 2002; Palmer,
2002; Doetsch, 2003a; Shen et al., 2004; Campos, 2005).
The specialized basal laminae that occur within verte-
brate neurogenic niches are thought to play roles in an-
choring cells and tethering modulatory factors (Mercier et
al., 2002; Campos, 2005), whereas the endothelial cells
lining the brain vasculature have been shown to regulate
neurogenic activity within niches (Louissaint et al., 2002;
Shen et al., 2004). The neurogenic niche of P. clarkii is also
characterized by the presence of a specialized basal lam-
ina and by a close association with the vasculature. The
basal lamina within the niche of P. clarkii differs from
basal laminae elsewhere in the brain in its complex,
spherical, latticed structure. We are currently examining
the fine anatomy of this structure and its relation to the
niche cells, by using semithin sections and electron mi-
croscopy, to gain insights into the functional significance
of these specializations. These anatomical investigations
are also examining the fine structure of vascular cavity
within the niche and its relation to the short processes of
the niche glia that project to this region (see Fig. 2G). Only
some of the capillaries in the brains of decapod crusta-
ceans are lined with cells (Abbott, 1971), as in vertebrates.
One of the goals of these fine structural analyses, there-
fore, is to determine whether such cells line the vascular
cavity or whether this cavity represents a more direct
interface between the blood (hemolymph) and the niche
glia.

Among invertebrates, adult neurogenesis has also been
examined extensively in insects (Cayre et al., 1996, 2005;
Scotto-Lomassese et al., 2003; Dufour and Gadenne,
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2006). The CNS of insects, as in decapods, is produced
developmentally by large precursor cells known as neuro-
blasts (Doe and Skeath, 1996; Truman and Ball, 1998),
although it remains unclear whether the neuroblasts of
these two arthropod groups are homologous (Whitington
and Bacon, 1997; Harzsch, 2001; Scholtz and Gerberding,
2002). In contrast to the case in decapods, it has long been
recognized that, in those insects in which adult neurogen-
esis occurs (crickets, beetles, and moths), adult-born neu-
rons are the progeny of a small number of neuroblasts that
persist into adulthood (Cayre et al., 1996, 2005; Dufour
and Gadenne, 2006). This marked difference in the iden-
tities of the precursor cells sustaining adult neurogenesis
in these animals may reflect their greatly different life
spans; insects live over days or weeks, whereas decapod
crustaceans can live for years or decades (Wolff, 1978;
Cooper and Uzmann, 1980). If this is so, it could suggest
that the problem of maintaining neurogenesis in adult
brains over extended periods may require the establish-
ment of a new proliferative system postembryonically,
differing from that responsible for the generation of the
CNS during embryonic development. Furthermore, the
extensive structural and functional parallels between the
neurogenic niches of crayfish and higher vertebrates im-
ply a common strategy across taxa for the production of
new neurons in adult brains. Whether these parallel fea-
tures represent homologies or are the result of conver-
gence remains unknown.

In conclusion, the results of the present study suggest
that the precursor cells maintaining adult neurogenesis in
P. clarkii reside within a specialized region, or niche, on
the ventral surface of the brain. This niche exhibits strik-
ing similarities with the neurogenic niches in the brains of
adult vertebrates. Perhaps most notable is the importance
of glial cells in the niches of these diverse taxa and their
dual functional roles, as both precursor and support cells.
The commonalities also extend to other key niche ele-
ments: directed migration, association with the vascula-
ture, and specialized basal laminae. The cellular machin-
ery guiding the birth and migration of adult neurons
appears, therefore, to be shared by widely disparate taxa.
These remarkable structural and functional parallels sug-
gest a common strategy across animal phyla for the pro-
duction of new neurons in adult brains.
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