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Summary

The mode of embryonic and larval development and the degree of maturation of the thoracic legs during
ethology of metamorphosis in the spider crab and the metamorphic development. Several unusual aspects of
American lobster are very different, and we took neurogenesis reported here distinguish these crustaceans
advantage of this to compare neuronal development in the from other arthropods. Lobsters apparently lack a
two species. The goals of this study were to discover postembryonic period of proliferation in the thoracic
whether the differences in the maturation of the neuromeres despite the metamorphic remodeling that
neuromuscular system in the pereopods and the takes place in the larval stages. In contrast, an increase in
metamorphic changes of motor behavior between the two mitotic activity towards the end of embryonic development
species are reflected at the level of the developing nervous is found in crabs, and neuroblast proliferation persists
system (‘neurometamorphosis’). Furthermore, we wanted throughout the process of hatching into the larval stages.
to broaden our understanding of the mechanisms that In both E20% lobster embryos and mid-embryonic crabs,
govern neuronal development in arthropods. Proliferation  expression ofengrailedwas found in a corresponding set of
of neuronal stem cells in thoracic neuromeres 4-8 of the neurons and putative glial cells at the posterior neuromere
lobster Homarus americanusand the crab Hyas araneus border, suggesting that these cells have acquired similar
was monitored over the course of embryonic and larval specific identities and might, therefore, be homologous.
development using the in vivo incorporation of None of the BrdU-labeled neuroblasts (typically 6-8 per
bromodeoxyuridine (BrdU). Neuropil structure was  hemineuromere over a long period of embryogenesis) was
visualized using an antibody againsDrosophilasynapsin.  positive for engrailed at this and subsequent stages. Our
While proliferation of neuronal precursors has ceased findings are discussed in relation to the spatial and
when embryogenesis is 80% complete (E80%) in the temporal patterns of neurogenesis in insects.
lobster thoracic neuromeres, proliferation of neuroblasts in
the crab persists throughout embryonic development and
into larval life. The divergent temporal patterns of Key words: Crustacea, development, neurogenesis,
neurogenesis in the two crustacean species can bebromodeoxyuridine, synapsin,engrailed lobster, Homarus
correlated with differences in larval life style and in the  americanuscrab,Hyas araneus.

Introduction

Until recently, studies on neuronal development inand Nubler-Jung, 1996; Reichert and Boyan, 1997). Moreover,
arthropods have been based on a relatively small number iof recent years, biologists have rediscovered the power of
animals: the fruit fly (Bate and Martinez-Arias, 1993), thecomparative studies in unraveling mechanisms of development
locust and grasshopper (Burrows, 1996) and the silk motand phylogenetic relationships (Tawzal. 1994; Breidbach
(Truman, 1992; Levinet al. 1995; Oland and Tolbert, 1996; and Kutsch, 1995; Averof and Akam, 1995; Williams and
Weeks and Wood, 1996). Analyzing the development andllagy, 1996; Whitington and Bacon, 1997). By comparing the
structure of the nervous system in these model organisms hagpression patterns of segmentation genes (Patel, 1994; Tautz
greatly enriched our understanding of the mechanisms guidirapd Sommer, 1995; Dohle and Scholtz, 1995, 1997; Scholtz,
neuronal development and has contributed to an explanation 897) and the sequence of homeotic genes (Aetrai 1996;
evolutionary relationships within the insects (Whitington,Grenieret al. 1997) across several species, new aspects of the
1996; Reichert and Boyan, 1997), among arthropods (Osorgenetic control of development as well as phylogenetic
et al. 1995) and even between insects and vertebrates (Arenaflationships within the arthropods have been discovered,
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demonstrating the impact of a comparative approach in thiarvae only becomes fully developed shortly before
field. metamorphosis. Furthermore, we monitored neuronal
In crustaceans, a wide variety of patterns of embryonic anelxpression of engrailed which has been investigated
larval development are found which reflect the manifold lifeextensively during segmentation of crustacean embryos
histories of these animals (Fig. 1; for reviews, see Rice, 198QDohle and Scholtz, 1995, 1997; Scholtz, 1997), but not
Williamson, 1982; Charmantiest al. 1991). However, little  during neurogenesis. Neuropil formation in the embryonic
effort has been made to exploit this potential to studyeuromeres was visualized with an antibody against
mechanisms of crustacean neuronal development. Henderosophila synapsins (Klaggest al. 1996) that has been
neurogenesis in crustaceans is poorly understood wheshown to cross-react strongly with crustacean synaptic
compared with their putative sister group (Averof and Akamneuropil (Harzsclet al. 1997).
1995; Dohle, 1997), the insects (for reviews, see Truman,
1990; Goodman and Doe, 1993; Doe and Technau, 1993; )
Burrows, 1996; Doe and Skeath, 1996; Campos-Ortega 1997; Materials and methods
Reichert and Boyan, 1997). Recent reports on the development Animals
of the crustacean central nervous system (CNS) focus mostly Ovigerous females of the spider crélyas araneusL.
on the maturation of neurotransmitter systems (Beital. (Decapoda, Brachyura, Majidae) were dredged from the
1990, 1992; Helluyet al. 1993; Cournilet al. 1995; Harzsch ‘Tiefe Rinne’ south of the island of Helgoland (North Sea,
and Dawirs, 1995, 1996 Schneideet al. 1996; Bentoret al.  German Bight) from a depth of 30-50 m. In the laboratory, the
1997). Whitingtonet al. (1993) have addressed the issue ofanimals were kept in a flow-through system in natural sea
axogenesis during early neuronal development. The formatiomater and fed on mussels. Embryos were staged according to
of neuroblasts has been studied in the ventral nerve cord Betersen (1995) and Petersen and Anger (1997), who suggest
crustaceans, yet the phylogenetic origin of crustaceasubdividing spider crab embryogenesis into four stages: stage
neuroblasts is still unclear (Scholtz, 1992; Whitington, 1996|, cleavage and germ band formation; stage Il, germ band
Dohle, 1997; Dohle and Scholtz, 1997; Gerberding, 1997complete with all segments, entering diapause; early stage I,
Whitington and Bacon, 1997). Neurogenesis has beeaye pigments and heart beat become visible, eggs are orange;
examined in the ventral nerve cord (Harzsch and Dawirdate stage lll, eyes turn brown, yolk almost depleted; and stage
1994), brain (Harzsch and Dawirs, 189&nd visual system |V, prehatching (Fig. 1). Newly hatched larvae were reared in
(Harzsch and Dawirs, 1995/1996) of crab larvae, but not ibatches of 100 at a constant temperature of 12 °C in natural,
crustacean embryos. filtered sea water (31 %o0) with a 10 h:14 h light:dark cycle and
In the present report, we used thevivoincorporation of were fed on brine shrimp naupliftemia sp.; Anger and
bromodeoxyuridine (BrdU) to study the proliferation of Nair, 1979). The larvae were staged according to Anger
neuronal stem cells in the thoracic neuromeres of embryon{d983). A description of the larval morphology has been
and larval stages of two crustacean species, the Americgmovided by Christiansen (1973). The first larval stage, which
lobsterHomarus americanuéDecapoda, Homarida) and the hatches from the egg mass carried by the female, is the
spider cratHyas araneugDecapoda, Brachyura). These two prezoea, which molts to the pelagic zoea 1 after approximately
species were chosen because their mode of embryonic ahth. The zoea 1molts after 11 days (under laboratory
larval development and the ethology of metamorphosis shoeonditions) to the zoea 2 which, after 14 days, undergoes a
considerable differences (Figs 1, 2; Christiansen, 1973Jjrst metamorphosis to produce the megalopa. This larval stage
Charmantiert al. 1991). Crab larvae hatch with a completethen starts to settle on the benthos where, after approximately
set of head appendages, but only the first two thoraci80 days (laboratory conditions), the second metamorphosis to
segments bear functional limbs at that stage. The full adulhe benthic crab 1 (juvenile) takes place (Figs 1, 2). In the
complement of appendages is established during theresent study, mid and late stage Ill embryos and stage IV
subsequent metamorphic molts that have been characterizechbryos were processed as well as all larval stages and the
as a ‘double metamorphosis’ (Fig.2; Rice, 1980;juvenile. Unfortunately, it was not possible to obtain embryos
Williamson, 1982). In contrast, lobster larvae are equippegrior to stage Ill in sufficient numbers during the 1996 and
with a full set of head appendages plus functional appendag#997 breeding seasons.
on all eight thoracic segments at hatching. The metamorphic Ovigerous female lobstekomarus americanu®ecapoda,
changes are less dramatic and are accomplished in a singdlemarida, Nephropidae) were obtained from the lobster
metamorphosis (Fig. 2; Charmantiet al. 1991). Earlier rearing facility at the New England Aquarium, Boston,
studies on the maturation of the serotoninergic systervlassachusetts, and the Massachusetts State Lobster Hatchery
revealed that these differences in developmental stylen Martha’s Vineyard, Massachusetts, and kept in recirculating
between the two species may be reflected even at the levelatificial sea water at 18 °C. Embryos were staged according to
the developing nervous system (Bedtzal. 1990; Helluyet  Helluy and Beltz (1991) on the basis of the length and width
al. 1993; Harzsch and Dawirs, 1995): the typical segmentalf the pigmented zone in the eye (Fig. 1). Larvae were kept
pair of thoracic serotoninergic neurons is already present iimdividually in free-floating net enclosures in filtered artificial
midstage lobster embryos, while the counterpart in crabea water (30 %0) at 18 °C with a 12h:12 h light:dark cycle and
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1-3 are planktonic; each stage lasts 4-6 days each under the
laboratory conditions described above. The transition from

——— Spawning E0%— Spawning , .
= Stage I Eve pi ‘ stage 3 to stage 4 is called the metamorphic molt. Stage 4
= a e pigments .

eavage eart beats settles to the bottom, where after approximately 20 days the
il E20% molt to the benthic juvenile takes place (Figs 1, 2). In the
Z||| Stagell present study, animals from 20% to 100% embryonic
| ||| Gastrula E40% development (E20% to E100%) and postembryonic stages 1-4
= Diapause . . .
= and the juvenile were processed. Unfortunately, it was not
=iy E60% possible to obtain any embryos prior to E20% during the 1996
g and 1997 breeding seasons.

BrdU labeling

Mar | Feb | Jan | Dec | Nov | Oct | Sep |

5 Eye pigments m Proliferation of cells was monitored by vivolabeling with

[ od W Heart beats bromodeoxyuridine (BrdU). Embryos and larvae were exposed
Z to BrdU diluted in sea water to a concentration of 0.2 mgml

— D““:f:{:;;‘lfmal for 4h at 18°C K. americanuyor 12°C {. araneu}. This

§ P 4 h period has been found to provide strong labeling of dividing
=3 [ cells while the number of labeled cells is still small enough to
5 Stage 111 = be analyzed efficiently (Harzsch and Dawirs, 1994). The
S Differentiation = -( . animals were then fixed for 1h in 4% paraformaldehyde in
z g, E90% 0.1mol ! phosphate buffer (pH7.4), and the ventral nerve
Z S cord was dissected. Whole mounts of the thoracic neuromeres
m I were processed immunohistochemically as described by
a E T Harzsch and Dawirs (1994). In brief, specimens were
= n _—-hl,iy5is % i incubated for 2.5h in a primary anti-BrdU mouse antibody
5| S ~Stazeq— Metamorphosis (1:100, Amersham, Cell Proliferation Kit RPN 20) and then for
i ST = Juw%ni]e 1h in a peroxidase-coupled secondary goat anti-mouse
o Prsgr‘:f:t:;hing V antibody (1:70). The signal was developed with
"_‘_ Hatching diaminobenzidine. Successfully processed nerve cadrds (
gl| |zoeat " araneus N=67; H. americanus N=59) were drawn using a

2| |Zoea thLa[;.|1.\]r]1|1‘)\-i\ | camera lucidadevice, and the number of labeled cells was
|| [Megatopa counted.

: vJuveniﬂf‘“"“““”l“h”-‘""' 2 Immunohistochemistry

Embryos were dissected in the rearing medium and then

Fig. 1. Developmental time lines ddyas araneusand Homarus fixed for synapsin labeling for 4 h in 4 % paraformaldehyde in

americanuscompiled after Anger and Nair (1979), Anger (1983), 1 . .
Petersen (1995), Petersen and Anger (1B9Eraneuy, Helluy and 0.1mol ™ phosphate buffer (pH 7.4) or fengrailedlabeling

Beltz (1991) and Hellugt al. (1993;H. americanuls The time line for 90min in 3.7 % formaldehyde in 0.1 motIPipes buffer,

of H. araneusis oversimplified since embryonic development can beZ mmol! EGTA, 1mmolf! MgSQs (pH6.95) at room
even longer than shown, depending on environmental conditioi@mperature (20-22°C). After fixation, specimens were
(Petersen, 1995). The thickness of the violet line represents thg#ashed in four changes of phosphate-buffered saline (PBS) for
relative metabolic activity during different periods of embryogenesisl h and then preincubated in PBS containing 5% normal goat
of H. araneus (determined by measuring the mass-specificserum, 0.05% sodium azide and 0.3 % Triton X-100 (PBS-TX)
respiration rate, Petersen and Anger, 1997) and can be seen asg@itoom temperature for 1 h. Incubation with the anti-synapsin
indicator of the rate of organogene§is. Crabs hatch as planktonic zog& NORF1 antibody (1:30 in PBS-TX, Klagges al. 1996;
larvae. After the first metamorphic molt, the megalopa gradua”yantibody provided by E. Buchner) or 4D9 amtigrailed

settles to the sea bottom, where the benthic life style is established .. . . ) ) .
during the second metamorphic molt. Lobsters hatch as plank'[on(lgtl:(i%tIbOdy (1:10 in PBS-TX, Pateit al. 198%,b; antibody

mysis larvae. After metamorphosis, the stage 4 animal settles to tRéOV'q,eq by C. Klambt) was carried .ou.t overnight at_ 4°C.
sea bottom to establish a benthic lifestyle. Specificity controls included the omission of the primary

antibodies, in which case neuronal staining was completely

abolished. After washing in PBS for 2h, specimens were
were fed on frozen brine shrimp nauplirfemiasp.). The incubated in an alkaline-phosphatase-conjugated goat anti-
embryonic and larval life cycle of the lobster has recently beemouse antibody (Sigma) for 3 h at room temperature. The label
reviewed by Charmantieet al. (1991). They hatch as was developed using Sigma Fast BCIP/NBT substrate
prelarvae, which remain among the pleopods of the female atablets (5-bromo-4-chloro-3-indolyl phosphate/Nitro Blue
molt to the mysis 1 within a few hours. The larval stages mysitetrazolium, Sigma). The specimens were mounted in glycerol.
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Fig. 2. Change of appendage
function during metamorphic
development. Hyas araneus.
The first larval stages in crabs, "
the planktonic zoea larvae, bear ¢
three pairs of mouthparts
(related to the gnathocerebrum)
and two pairs of maxillipeds
(thoracic neuromeres T1, T2),
the exopods of which are used
for swimming. All the more
caudal appendages of the thorax X
and pleon are still ‘embryonic’ N
in the sense that they are
undifferentiated and not
functional. During the
metamorphic molt to the g
megalopa stage (metamorphosis
1), the maxillipeds lose the
exopods and become incorporated into the feeding apparatus. The pereopods (T4-T8) become functional and can be usefdgbtdotding
walking on the benthic substratum. The task of propelling the larva during swimming shifts to the pleopods, which becomsd fluratg
metamorphosis 1. The young megalopa is still pelagic but spends more and more time exploring the benthos, where eveatally the
metamorphosis to the juvenile crab takes place and the benthic lifestyle is established. The pleopods are partly redubedsdoongd
metamorphic molt. Their task shifts from swimming to reproduction (fertilization and carrying the egg mass in sexually ninadlsg a
Homarus americanusThe first larval stage of lobsters is called ‘mysis’ and is thought to be homologous to crab zoea 1 larva despite the
morphological differences (Charmantigral. 1991). In a newly hatched mysis 1, all mouthparts and thoracic appendages are fully functional
while the pleopods are still undeveloped. The three mysis stages swim with the exopods of maxilliped 3 and the five penéogdte. D

only metamorphic molt (corresponding to metamorphosis 1 in crabs) to stage 4, the exopods are lost and the functiorpbdsechareges

to walking. The task of swimming shifts to the pleopods, which become functional during the metamorphic molt. The young stdbe 4
pelagic but gradually settles to the benthos, where eventually the molt to the juvenile takes place (corresponding t thetaeowphosis

in crabs) and the benthic lifestyle is established. There is no further change during this molt (other than that the meopedsfax
reproduction in sexually mature animals) and therefore this molt is not considered to be a second metamorphosis imicbétéssh8icrab
megalopa and the lobster stage 4 in which the ethological metamorphosis from a pelagic to a benthic environment takesimpdacthand

mode of locomotion is similar in these two stages, we propose that they are homologous. Hence, the first metamorphichnedvaé isa
equivalent to the only metamorphic molt of lobsters. The second metamorphic molt seems to be an acquisition of the craesthebight

to be phylogenetically more highly derived than lobsters (Scholtz and Richter, 1995). Drawings modified from Christiansean@1973)
Charmantieet al.(1991). MD, mandible neuromere; MX, neuromeres of maxillae; P, pleon neuromeres; T, thoracic neuromeres.

Mouthparts ~ Maxillipeds ~ Pereopods Pleopods
Neuromeres MD MX1MX2| T1 T2 T3 T4 T5 T6 T7 T8 r1 P2P3PAPS P79

Hyas araneus

Zoeal 2

1o Megalopa  IEEE—— —

Juvenile I S I

Homarus americanus
Mysis1-3 I
/ Stage 4 1 |

Juvenile I H H =

Embryonic Exopod swimming  Pleopod swimming

- Feeding Walking ~ Reproduction

Nomenclature tritocerebrum, but Harzsddt al.(1997) recently proposed that

Fig. 3B is a schematic representation of the embryonithis structure represents the anterior part of the mandible
central nervous system of decapod crustaceans compiled afteruromere (Fig. 3C). The gnathocerebrum is adjoined caudally
Scholtz (1998,b) Whitington (1995) and Harzsclkt al. by eight thoracic neuromeres which, in an anterior—posterior
(1997). The adult crustacean central nervous system gequence, innervate the maxillipeds 1-3 and the pereopods 1
traditionally subdivided into a brain and a ventral nerve cord(cheliped) to 5 (Scholtz 198%; Harzsch et al. 1997;
which consists of a subesophageal ganglion, five thoracic arkdg. 3A,C). Accordingly, the subesophageal ganglion of the
six abdominal ganglia (Bullock and Horridge, 1965; Fig. 3E).adult decapod nervous system originates from a fusion of six
Embryological studies have refined this scheme according mbryonic  neuromeres  (three  neuromeres of the
the sequence of embryonic neuronal units in the nervougnathocerebrum: mandible, maxilla 1 and 2 and thoracic
system of decapods (‘neuromeres’, Fig. 3C). According tmeuromeres 1-3: maxillipeds 1-3, Fig. 3E). This condensation
Scholtz (1998), the brain anlage consists of threeof the subesophageal ganglion is not yet obvious in the embryo,
supraesophageal  neuromeres  (proto-, deuto- arut the neuromeres that will later form the subesophageal
tritocerebrum) and three subesophageal neuromergmnglion are still clearly distinguishable. Hence, we suggest
(neuromeres of the mandible, maxilla 1 and maxilla 2). Thé¢hat it is more precise in embryological studies to use the
supraesophageal (pre-oral) part of the brain has been referrdelvelopmentally appropriate names of the respective
to as the syncerebrum, while the subesophageal (post-oral) paguromeres instead of the term ‘subesophageal ganglion’.
has been called the gnathocerebrum (Averof and Akam, 199burthermore, we exclude the three neuromeres of the
Arendt and Nubler-Jung, 1996; Fig. 3D). The commissuragnathocerebrum when using the term ‘ventral nerve cord’ in
ganglion has been thought to be a derivative of thembryological studies (Fig. 3D). Accordingly, the embryonic
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ventral nerve cord consists of eight thoracic neuromeres and Results

nine neuromeres of the pleon (Scholtz, 195 he present Development of the neuropil

study is concerned with the development of the NEeUromeres i mnohistochemistry with the ariFosophila synapsin
related to the five pereopods, that is thoracic neuromeres 48, 4cional antibody SYNORF1 strongly stains the

developing neuropil in crustacean embryos (Fig. 4) and reveals

A LG B C D E that the structural characteristics of the CNS in lobster and
ME{kAaf)hﬁ?' spider crab embryos correspond well with those described
Visua system Mediad & previously in embryos of the shrinifalaemonetes argentinus
PC g = (Harzschet al. 1997). In early embryonic stages (Fig. 4B,C),
Antenna 1 DC o] g synapsin-like immunoreactivity is present in the neuropil, the
Antenna 2 @ TC % connectives, the anterior and posterior commissures, the main
segmental nerve and the intersegmental nerve, which branch
PEC Ant. MD € cc off the neuromere anlagen. In later embryonic stages
Mandible Post. MD § (Fig. 4D-F), the stain is confined to the ganglionic neuropil.
g s Fig. 4A shows synapsin-like immunoreactivity in the
Maxillal MX1 % > thoracic neuromeres of a stage IV (prehatching) embryo of the
_ 5 @, spider crab. The arrangement of neuropil, connectives and
Maxilla 2 MX2 3 commissures of the thoracic neuromeres (T1-T8) is similar to
- m that found in lobster embryos (Fig. 4B-D). However, T1 and
Maxilliped 1 L = T2 are much lar th T4-T8 in th b b
2 ger than in the crab embryo.
5 T2 L Thoracomeres 1 and 2 will bear functional appendages in the
°F?| @ first larval stage of the crab (maxillipeds 1 and 2), while
3 T3 ) thoracomeres 3-8 still bear embryonic appendages after
E hatching (anlagen of maxilliped 3 and pereopods 1-5). In early
Pereopod 1 T4 = lobster embryos, there is an anterior—posterior gradient in that
§ "'HI’ the anlagen of the gnathocerebrum and the first thoracic
2 T5 ;—é o neuromeres develop first and hence are bigger than the
5 g’ posterior thoracic neuromeres (Fig. 4C). During subsequent
s T6 = 7 embryonic development, these neuromeres, all of which are
4 g related to functional appendages after hatching, grow
i S dramatically (Fig. 4D—F
2 y (Fig. )-
> T8 Labeling of neuroblasts and their progeny
Pleomere 1 LI g © _ In viv_o incorporation _of BrdU. and subsequent
< immunohistochemical detection results in numerous clusters of

black-stained cell nuclei arranged superficially in the cell

present study, compiled after Scholtz (1885 Whitington (1995) Q:%rtex of -the developing Fhoracm_ NEUromeres in bldth.
and Harzschet al. (1997). (A) Peripheral structures related to thearaneus(Flg. 5) andH. amerlcangtf\_Flg. _6)' The large nuclei
neuromeres of the central nervous system (CNS) shown in B. (&)f neuroblasts (NBs) can be distinguished from the smaller
Schematic drawing of the embryonic CNS in decapod crustacaearl@Peled nuclei of their progeny, the associated ganglion mother
AC, anterior commissure; C, connective; E, esophagus; ISNGells (Fig. 5D). The neuroblasts undergo unequal divisions to
intersegmental nerve; LG, lamina ganglionaris; ME, medullaproduce ganglion mother cells which later divide again to give
externa; MN, median nerve; NP, neuropil; PC, posterior commissurdgirth to ganglion cells (e.g. Dohle, 1976; Scholtz, 1992;
lat. PC-MI/MT, lateral protocerebrum consisting of the commonHarzsch and Dawirs, 1994, 1996Gerberding, 1997; for
anlage of medulla interna and medulla terminalis; PECreviews, see Whitington, 1996; Dohle and Scholtz, 1997).
postesophageal commissure; SN, main segmental nerve. (C) Namggwever, it is not clear from our material whether NBs
of embryonic neuromeres. DC, deutocerebrum; ant. MD, post. MDgy o sively produce ganglion mother cells or whether they also
anterior and posterior parts of the mandible neuromere; MX ve birth to glial cells. We will, therefore, use the term

. : i
neuromeres of the maxillae; med. PC, medial protocerebrum; PL?e roblasts’ whilst being aware that we mav be talking about
pleon neuromere 1; T, thoracic neuromeres; TC tritocerebrum. (D uroni: w ,', INg aw. w y N9 u
uroglioblasts’ in some cases.

Names of subdivisions of the embryonic crustacean CNS used in tHae
present study. The red line marks the border between the cerebr

and the ventral nerve cord. PL, pleon neuromeres. (E) Names 0 ) . )
subdivisions of the adult crustacean CNS after Bullock and Horridge !N the spider crab, labeled NBs are found in the thoracic
(1965). The red line marks the border between the brain and ttteuromeres of embryos (Fig. 5E,F), in the zoea 1 larva
ventral nerve cord. AG, abdominal neuromeres; CG, commissurdFig. 5A) and in early zoea 2 stages (Fig. 5B). NBs cease
ganglion. dividing during metamorphosis 1, but in the ventral nerve cord

yas araneus
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Fig. 4. Embryonic ventral nerve cords stained with monoclonal antibody SYNORFD(astiphilasynapsin). (A)Hyas araneusstage 1V;

(B—F) Homarus americanysE20% (B,C), E25% (D), E40% (E) and E60% (F). AC, anterior commissure; ISN, intersegmental nerve; MD,
mandible neuromere; MX, neuromeres of maxillae; PC posterior commissure; SN, main segmental nerve; T, thoracic neur@neaes. Scal
A, 50pum; B, 20um; C-F, 5Qum.

of the megalopa there is still some mitotic activity of whatHomarus americanus

from their shape and size, appear to be ganglion mother cellsin lobster thoracic neuromeres, NB proliferation is confined
(Fig. 5C). Proliferation of the NBs in the thoracic neuromerego the embryonic stages. By E20%, a recurring set of NBs is
anterior to T4 follows a roughly similar time course, yet thealready mitotically active in the thoracic neuromeres
NBs are slightly smaller here (Fig. 5F). While some NBs in(Fig. 6A,G). This segmentally repeated set of NBs
T4-T8 can easily be identified individually from their consistently incorporates label until E70% (Fig. 6B,C,H),
prominent position and can, therefore, be traced througWhen the mitotic activity of neuronal precursor cells in the
development (Fig. 5G,H), the positions of other NBs show aentral nerve cord decreases (Fig. 6D). Neuroblast
certain amount of variability. This may be due to movementgroliferation ceases completely by E90%. The temporal
of the cells when they bud off progeny in one direction opattern of BrdU incorporation is roughly similar in thoracic
another. Furthermore, not all the neuroblasts are BrdU-labelédBs anterior to T4 (Fig. 6G, inset). In addition to neuronal
in every single specimen since not all the neuroblasts were gtem cells, many glial precursor cells are labeled during
the S-phase of the cell cycle during the 4 h labeling period tha&mbryogenesis, but their proliferation comes to a standstill as
we used (Fig. 5E). The segmental NB pattern is thereforthe animals approach hatching. After hatching, however, glial
obscured, and a large number of specim&h$7) had to be precursor cells resume vigorous proliferation (Fig. 6E,F). One
examined to established a map that shows the most typidgipe of glial cell that is labeled consistently throughout
position of the embryonic NBs (see Fig. 8). The segmental seimbryonic and larval stages (Fig. 6E,F) has spindle-shaped
of NBs, most of which are located on the ventral surface of theuclei and is located at the interface between the neuropil and
nervous tissue (Fig. 5E,F), stays fairly constant from midthe cell cortex (interface glia, Fig. 6K). In addition, a second
embryonic life through hatching into the early zoea 1. Theype of glial cell with an irregularly shaped nucleus is found
segmental set of mid-embryonic thoracic NBs consists of founn the outer surface of the neuromeres (ensheathing glia,
ventral NBs and a pair of laterally situated NBs perFig. 6L). After hatching, the big, asymmetrically dividing
hemisegment (see Fig. 8). Dorsally, there is one unpairedBs on the surface of the nervous tissue (Fig. 6G,H) are no
median NB and one paired NB (Fig. 5G,H; see Fig. 8). Idonger found (Fig. 6L). As in crab embryos, some NBs in
addition to neuronal stem cells, many glial precursor cells afebster T4-T8 can be easily identified individually and can,
labeled in the developing ventral nerve cord, the morphologtherefore, be readily traced throughout development
of which has already been described in a previous repoEig. 61,J), while the positions of other NBs show a certain
(Harzsch and Dawirs, 1994). The shape of these labeled giamount of variability. By monitoring a large number of
precursors strongly resembles that found in the developingpecimensN=59), a map was established that represents the
lobster ventral nerve cord as discussed below. most common position of the embryonic neuroblasts from
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Fig. 5. Bromodeoxyuridine (BrdU) incorporation to detect S-phase nuclei in the ventral nerve cord (thoracic neuromeres &)-8f the-T
spider cralHyas araneugwhole-mount preparations). (A) Zoea 1. (B) Zoea 2. (C) Megalopa. In A—C, anterior is up; asterisks mark the sternal
artery. (D) Higher magnification of a zoea 2 showing labeled nuclei of neuroblasts (NB) and ganglion mother cells (aB)eMstkstage IlI

embryo, ventral surface of thoracic neuromeres 4 and 5; dotted line, furrow between the neuromeres; arrowheads, labtdedls BSBss

that incorporated little or no label during the 4 h period. (F) Mid stage Ill embryo, ventral surface of thoracic neuromer@g4aT8);
arrowheads, labeled NBs. Note that NBs anterior to T4 are smaller than those in the more posterior neuromeres. (G,Hjaberstl sur
thoracic neuromeres of a stage Ill embryo (G) and an early zoea 1 (H); three NBs per segment can be traced through reatbleads,Ar
labeled NBs; asterisks, NBs that incorporated little or no label during the 4 h period. Scale bars: ArG,[1000um; E—H, 3Qum.

E20% to E70% (see Fig. 8). Typically, four NBs are locategair of lateral NBs that is found in spider crab embryos is not
at the ventral ganglionic surface of each hemineuromere. Th@esent in the lobster. Dorsally there are paired NBs close to
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Table 1.Numbers of neuroblasts and associated progeny and larval stages were labeled with a 4h pulse of BrdU.

(ganglion mother cells and ganglion cells) in thoracic Subsequently, the numbers of both labeled NBs and their

neuromeres 4-8 labeled during a 4 h pulse of progeny (GMCs and ganglion cells) in thoracic ganglia 4-8
bromodeoxyuridine were determined.

Number of Number of

Embryonic/larval stage neuroblasts progeny Hyas araneus

The mitotic activity of NBs is already high in mid stage Il
embryos of the spider crab and seems to increase further as the

Hyas araneus
Mid stage lll embryo 576 133+26

Late stage Il embryo 5345 149421 embryos approach hatching (Table 1). There is no deplme in
Stage IV embryo 63+4 214427 _ the number of labeled NBs during the process of hatching, but
68+3 21747 Hatching it remains high in prehatching embryos, prezoea and early and
Praezoea - 17x25 Molt mid stage zoea 1 larvae. The number of proliferating NBs
Zoeal declines slightly over the molt to the zoea 2, then starts to drop
Day 0 696 285%30 dramatically. After the first metamorphosis, NBs are no longer
Bayg ggf; jiifﬁ mitotically active in the ventral and dorsal cell cortex of
Dgillg 6447 414435 thoracic neuromeres 4-8. These NBs do not regain their
- —— Molt mitotic activity throughout the entire period monitored, up to
Zoea 2 the juvenile stage (crab 1). Estimates of the number of labeled
Bayg ggf? gggfgg cells suggest that the proliferative action of NBs in the
D:;’G 5446 506471 gnathocerebrum and thoracic neuromeres 1-3 follows a
Day 9 3445 359492 _roughly s?milar tin_1e course. The number_of labeled progeny
Day 12 2146 219+38 _ in thoracic ganglia 4-8 increases considerably from mid-
Metamorphosis 1 embryonic life through hatching towards the early zoea 2 stage
Megalopa ble 1). Thi fl - in th lif . .
Day 0 0 144416 (Table 1). This re ects an increase in the proliferative action
Day 6 0 127425 of the NBs, a change in cell cycle length of the ganglion mother
Day 20 0 51420 cells or both. Numbers of labeled progeny decrease towards

Metamorphosis 2 metamorphosis, but many cells still show DNA synthesis in the
' megalopa. Many ganglion mother cells born in the zoea stages
Homarus americanus seem to delay their subsequent mitosis into the megalopa stage.

Juvenile (crab 1),day0 0

Eiggf’ embryo 3‘:216 76£12 All mitotic activity of neuronal precursor cells in the thoracic
6 + - :
E60% 3746 84422 neuromeres has ceased by the second metamorphosis.
ggz//z ggig 6_112 4 Homarus americanus
E90% 0 0 The mitotic activity of thoracic neuroblasts in the lobster is
E100% 0 0 _ greatest during mid-embryonic life, decreases towards the end
Mysis 1 o ~ Hatching of the embryonic cycle and comes to a standstill by E90%

. (Table 1). This finding corresponds well with the fact that a
Mysis 2 0 - Molts general developmental plateau is reached by E80% (Helluy and
Mysis 3 0 - ) Beltz, 1991), but is in sharp contrast to the dynamics of
Stage 4 0 - Metamorphosis neurogenesis im. araneus The NBs of the lobster do not

- Molt resume their proliferative activity after hatching. Unlikie

Juvenile 0 - araneus no labeled NBs are found in thoracic neuromeres 4-8
Values are meanss. of any of the lobster postembryonic stages up to the juvenile
Hyas araneusN=67; Homarus americanysN=59. (Fig. 6K,L). Estimates of the number of labeled cells suggest

that the proliferative activity of NBs in the gnathocerebrum and
thoracic neuromeres 1-3 seems to follow a roughly similar time
the midline at the posterior margin of the segment which cacourse. The number of labeled progeny in thoracic neuromeres
readily be traced throughout embryonic developmen#i-8 follows a time course similar to that of the NBs. Mitotic
(Fig. 61,3). In addition, there is an unpaired NB which isactivity of ganglion mother cells has ceased by E90% and does
located deeper within the nervous tissue in a different positionot start again after hatching. However, many glial precursor
relative to the unpaired dorsal NB in spider crab embryos (Figells incorporate BrdU in mysis 1 (Fig. 6E), and glial
6G,H; see also Fig. 8). proliferation persists throughout all larval stages into the
juvenile (Fig. 6F).
Quantitative aspects of neurogenesis
To determine the dynamics of neuronal proliferation Neuronal expression ehgrailed
throughout development, specimens of successive embryonicimmunohistochemistry reveals several cells strongly
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Fig. 6. Bromodeoxyuridine (BrdU) incorporation to detect S-phase nuclei in the ventral nerve cord (thoracic neuromeres &)-8f the-T
lobsterHomarus americanugvhole-mount preparationsjA) E20%. (B) E40%. (C) E55%. (D) E70%. (E) Stage 1 larva. (F) Stage 3 larva.
Asterisks in E and F mark the sternal artery. (G) E20%, higher magnification of a ventral aspect of thoracic neuromeresnéeaind 7.
neuroblasts (NBs) in a neuromere anterior to T4. Arrowheads, labeled NBs; asterisks, NBs that incorporated little orunmdatbed d h
period. (H) E60%, higher magnification of a ventral aspect of parts of T5 and T6. Dotted line, furrow between the neurmwérescsr
labeled NBs; asterisks, NBs that incorporated little or no label during the 4 h period. (1,J) Dorsal surface of T6 and %/(ineE20E40%

(J); pairs of segmentally arranged NBs (arrowheads) close to the midline are consistently labeled and can be tracedelmoungmtd&C,
anterior commissure; PC, posterior commissure. (K) Interface glia in T4 of a stage 1 larva. (L) Ensheathing glia in aretadgicélé bars:
A-D, 50um; E,F, 10um; G, 50um; H, 10Qum; I-L, 30pm.

positive for engrailed (en+) at the posterior margin of the consistent in E20% to E60% lobster embryos and within stage
thoracic neuromeres in both. americanusand H. araneus Il crab embryos. Most conspicuous is a cluster of strongly
embryos. The pattern of cells positive famgrailedis fairly  stained elongated cells located dorsally within the connectives
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Fig. 7. Neuronal expression ehgrailed (er); whole
mounts of the ventral nerve cord of lobster embryos
E20% (A,C,D) and midstage Il crab embryos (B,E,F). :
Most obvious are segmentally repeated clusters of
putative glial cells within the connectives (arrows in""E g

C-F) and anen+ neuron behind the posterior .
commissure (asterisks in C,D,F). None of t )= ¥
bromodeoxyuridine-labeled NBs @&n+. AC, anterior ke
commissure; CON, connective; PC, posterior =
commissure; T4, T8, thoracic neuromeres 4, 8. Scalé
bars: A,B, 10um; C,D, 5Qum; E,F, 3Qum.

at the posterior segmental border with a slight overlap into th

H. araneus, late stage |11

next neuromere (Figs 7, 8). Their position within the ® ® @ et BroU+ neurobas
connectives and their shape (arrows in Fig. 7C—F) strong| / U
AC ‘ Dorsal BrdU+ neuroblast

suggest that these cells are glia. In lobster embryos, the numt N
of cells in this cluster increases from approximately three i1 00 g & Leterel BrdUneuroblast
E20% to approximately nine in E60%. Another conspicuou: — © ‘ 0% @ Medial BrdU+ neuroblast

® Ventra engrailed+ cell
@ @ Dorsal engrailed+ cell
20 pm

and consistently labeled cell which, from its size and shape,
probably a neuron is located at the dorsal surface direct
behind the posterior commissure in both lobster and cra
embryos (asterisks in Fig. 7C,D,F). In lobster embryos, ther H-americanus, E40%

is another small dors@n+ neuron located more laterally at o o
the posterior segmental border. In addition, pairs of weakl
labeled cells (probably neurons) are located laterally in th AC
(e SN
PC

ventral cell cortex of both lobster and crab embryos (Fig. 8)
From their size and position, none of @t cells appears to
correspond to any of the BrdU-labeled neuroblasts (Fig. 8).

Discussion

Neurogenesis in relation to crab and lobster developmental Fig. 8. Composite schematic diagram of bromodeoxyuridine-labeled
cycles stem cells andengrailedpositive engrailedt) cells in a thoracic

- . . nneuromere (representative of T4-T8) of a late stage Ill embryo of
Crab and lobster larvae exhibit considerable differences iyyas araneusand an E40% embryo dfomarus americanusThe

morphology, mode of locomotion and developmental patteriarea of the neuromere is shaded, and the outlines of the neuropil are

(Fig. 2; for reviews, see Rice, 1980; Williamson, 1982;drawn. AC, anterior commissure; PC, posterior commissure; SN,
Charmantieret al. 1991). A consideration of the metamorphic main segmental nerve.
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events raises the question of whether these processes Brgthermoreenexpression in the neuroectoderm is one of the
correlated with the developmental dynamics of nervous systefactors that provide positional cues when NBs are formed and
formation. In zoea larvae of the spider crab, maxillipeds 1 anthat control neuroblast-specific gene expression (e.g. Matsuzaki
2 (T1, T2) are used for exopod swimming while maxilliped 3and Saigo, 1996; McDonald and Doe, 1997). Although the
(T3) and the pereopods (T4-T8) are still embryonic (Fig. 2)expression oen during segmentation of crustaceans has been
The mitotic activity of thoracic neuroblasts in the spider cralstudied in depth (Patet al. 198%,b; Scholtzet al. 1993, 1994;
increases towards hatching, in contrast to the decrease tt&tholtz, 1998b; Manzanarest al.1996), little is known about
occurs in the lobster. This high proliferative activity persistghe expression oén during nervous system formation in the
through hatching to reach a peak in the first larval stagdater developmental stages of crustaceans. Scholtz {1995
Embryonic and postembryonic NBs in the thoracic neuromerdsund that, in pleon neuromeres of E75% embryos of the
are almost certainly identical since the segmental set of NBgayfish Cherax destructorfwhich corresponds to E25% to
incorporated label continuously in prehatching embryos, newl£30% in the American lobster; Hellugt al. 1993), en is
hatched prezoea stages and newly moulted zoea 1 larvae. Bimngly expressed in a serially repeated set of cells consisting
cessation of the neurogenic activity of thoracic NBs towards thef a median cell and three paired cells. This pattern resembles
end of the second larval stage is probably dependent dhe arrangement in our study in that the latter cells may
metamorphosis and the fact that the third maxilliped and theepresent the cluster of strongly labeled putative glial cells at
pereopods subsequently become functional (Fig. 2). Harzsthe posterior margin of the thoracic neuromeres in lobster and
and Dawirs (1994) report that there is a more than 100-foldrab embryos. Furthermore, the characteristic dorsal pair of
increase in neuropil volume in the fourth thoracic gangliorstained cells close to the midline of lobster and crab thoracic
between hatching and the juvenile stage in spider crabs. Sinmeuromeres can be seen in the anterior pleon neuromeres of the
there is a massive ingrowth of sensory fibers from the periphegrayfish (Scholtz, 199% Fig. 2A). Scholtz (1995 designates
during crustacean development (Laverack, #9488 it is theen+ cells as being neurons, glia or their precursors.
difficult to judge the proportion of neuropil growth that is due Patel et al. (198%) provide a brief comparison ofn
to the maturation of the newly generated neurons. Neverthelegxpression during neurogenesis of the fruit fly, the
we can conclude that the postembryonic addition of newgrasshopper, the crayfish and the American lobster. These
neurons builds up a reservoir of immature cells which arauthors claim that ‘during neurogenesiagrailedexpression
integrated into the embryonic framework during metamorphigin the crustacean embryos) is almost indistinguishable from
development. These neurons gradually mature and create névat in grasshopper and includes a similar set of neuroblasts
patterns of connectivity by rapidly extending their neurites irand apparently homologous neurons’ (Patlal. 198%).
the central neuropil. Thus, in crabs, the larval period oflthough the authors do not provide a thorough analysis of the
neurogenesis seems to be very important in preparing thmattern of neuronakngrailed staining in crustaceans and
thoracic ganglia for providing suitable patterns of motor outpuélthough it is difficult to derive from their report exactly which
when the pereopods become functional at metamorphosis. embryonic stages they studied, the data presented byePatel
In contrast to crabs, lobster larvae hatch with fully functionahl. (198%) partly resemble our findings. We conclude that
maxillipeds and pereopods that are used for feeding arttieir data correspond to early to mid-embryonic development
swimming. Metamorphosis consists mainly of a reduction obf the lobster. It is obvious that there is a common pattern in
the exopods of these appendages. Neuroblast proliferation in tthee developing ventral nerve cord of insects and crustaceans,
lobster thoracic neuromeres is completed in the embryos. Thehereen+ cells are placed in rows at the posterior segmental
fact that neuronal proliferation in lobster thoracic neuromereborder of the neuromeres with a slight overlap into the next
is restricted to the embryos while in crabs proliferation persistseuromere. However, we found no evidencesfoexpression
into larval life is consistent with the general developmental plam lobster neuroblasts from E20% onwards. To address
and mode of locomotion in these animals. The dynamics ajuestions concerning a putative shared pattern of gene
neurogenesis may thus be seen as a specific adaptation whistpression between crustacean and insect neuroblasts and
can only be understood when discussed in the light of theeurons (e.g. Patadt al. 198%; Doe, 1992; Broadust al.
particular metamorphic development. Taken together, out995; Bossinget al. 1996), it will be necessary to conduct
findings make a strong point in favor of taking a comparativetudies with crustacean embryos at a much earlier stage than
approach to developmental phenomena. Our understanding wé were able to obtain for the present study. The pattern of
crustacean neurogenesis would have been misleading if we haxt neurons and glial cells has also been examined in later

studied only one species. embryonic stages of the cockroach (Blagbeiral. 1995) and

the grasshopper (Condren al. 1994). Condroret al. (1994)

A comparison of neuronal expressioreafrailedn report thaen+ neurons may be generated from berigrailed-
crustaceans positive NBs oengrailednegative NBs and GMCs. Both glial

In arthropods, the segment polarity gesrgrailed(en) is  and neuronal progeny of the median NB in the grasshopper
thought to play an important role in defining the posteriotransiently expressngrailedshortly after birth, but expression
segmental border and determining specific neuronal identitigs then switched off in glia and some neurons and is stably
in the central nervous system (for a review, see Patel, 1994haintained (until at least E80%) only in a subset of neuronal
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progeny of the median NB. Condrenhal.(1994) suggest that neuroblast proliferation in terms of cell cycle length are
the stable expression efgrailedin specific subsets of neurons similarly high in embryos and larvae. This claim is supported
may be directly involved in the determination of neuronal celby the observation that there is only a slight increase in the
fates and could be essential for maintenance of the phenotypasmber of labeled NBs during hatching k. araneus.

of mature neurons. The fact that we also found an overall stabfeirthermore, since embryogenesisHnamericanuss even
population ofen+ cells in lobster and crab embryos may beshorter than itH. araneusand since the lobster embryos were
interpreted in a similar way. Furthermore, the finding that theeared at a considerably higher temperature, it seems unlikely
position and shape @+ cells are similar in both crustacean that the cell cycle of NBs is longer . americanughan in
species suggests that these cells may have acquired simitdr araneus.In addition, BrdU pulse durations of up to 8h
specific identities and therefore be homologous cellsfHarzsch and Dawirs, 1994), 12h and 24h (S. Harzsch,
However, the pattern @n+ cells reported in the present study unpublished observations) were tested in the larval ventral
displays only a remote similarity to the pattern found in thenerve cord of the spider crab without obtaining an essentially
grasshopper (Condroset al. 1994). In addition, it is unclear different pattern of labeled NBs. It is a fact, however, that not
whether theen+ Drosophila midline neurons (Pateét al.  all NBs are labeled within every single specimen during a 4h
198%) are homologous to the grasshopper median NB progerpulse of BrdU, suggesting that NBs do not divide continuously

that stably expressngrailed(Condronet al. 1994). and making it necessary to evaluate a large number of
_ _ specimens at every stage to determine the neuroblast pattern.
Crustacearversusinsect neurogenesis On the other hand, it is unlikely that a small random fraction

Although it is not within the scope of the present study twf a large pool of slowly dividing NBs is labeled in a 4 h pulse
determine whether insects and crustaceans share a comnsimce the pattern of labeled NBs that emerges is quite
neurogenic pattern, it is possible to discuss some differencesnsistent. In other words, it is unlikely that, by chance, the
between crustacean neurogenesis and that of insects. In th@me subset of NBs is labeled in several specimens and in
context, it is important to point out that we cannot provide anyarious developmental stages, although we cannot completely
data on the proliferation of NBs during very early stages ofule out the possibility that there may be a second ‘quiescent’
embryogenesis in the present study. In an E25% lobst@opulation of neuroblasts that divides only sporadically. To
embryo, we may be dealing with a set of NBs that has alreadyddress this issue, we examined the BrdU-labeled slides using
been reduced. In fact, there is evidence that the number of NBrmarski optics to visualize large cells that were not BrdU-
may be higher during early crustacean neurogenesis than tladeled to determine whether there are more NBs than expected
number we found. In a study on cell lineage in the crayfisin the cell cortex; we found that this was not the case. In the
Cherax destructofwhich has a rapid embryonic developmentpresent study, we applied the commonly used definition of
of 6 weeks duration compared with approximately 9 months iarthropod NBs: large, asymmetrically dividing stem cells that
the lobster and even longer in the spider crab; Hedlugl.  rapidly go through successive mitotic cycles (Whitington,
1993), using classical histological techniques, Scholtz (1992)996; Dohle and Scholtz, 1997) and are, therefore, likely to
estimated the number of thoracic NBs shortly aftefincorporate BrdU because of their active cycling. This
delamination (E40% to E45%) to be 25-30 per hemineuromerdefinition of NBs is usually applied in studies on insect
This stage roughly corresponds to E15% in the Americaneurogenesis, and we believe that it is adequate to enable us to
lobster (Helluyet al. 1993). Gerberding (1997) counted 23 compare our findings with the studies in insects.
thoracic NBs per hemiganglion during early neurogenesis in the In the hemimetabolous locusts, the generation of neurons
cladocerarLeptodora kindti.Despite the apparent differences which build the adult nervous system is accomplished in the
in dynamics of neurogenesis in later periods of embryogenesismbryonic stage (Bate, 1976; Doe and Goodman, 1985;
therefore, we cannot dismiss the possibility that crustaceans §hepherd and Bate, 1990). This pattern at first sight resembles
through a brief period during early neurogenesis (when NBhe pattern in the lobster, where there is an apparent lack of
formation is completed) when the number of NBs is higher andostembryonic neurogenesis in the thoracic neuromeres which
hence both the arrangement of NBs and expression of genetiear functional appendages at hatching. In constrast,
markers may resemble that occurring in insects. neurogenesis in the ventral nerve cord of the holometabolous

There are several lines of argument, however, suggestingsects, e.g.Drosophila melanogasteand Manduca sexta
that we did not underestimate the number of NBs in théollows a biphasic time course, being subdivided into an
embryonic and larval stages that we examined. Harzsch amdnbryonic (Hartenstein and Campos-Ortega, 1984; Hartenstein
Dawirs (199®) determined that the cell cycle of NBs in theet al. 1987; Doe, 1992) and a postembryonic period of
larval brain of the spider crab has an average duration of 2—3heurogenesis (Truman and Bate, 1988). The embryonic period
arguing against the possibility that a BrdU pulse of 4 h mighbf neurogenesis iDrosophilaceases at approximately E40%,
label only a small percentage of a pool of otherwise slowlhand the NBs become mitotically inactive. However, embryonic
dividing NBs. Since we determined the NB numberHn NBs do not degenerate after hatching but resume their
araneusembryos during periods of particularly high metabolicproliferative action in the more extensive postembryonic period
activity (Fig. 1; Petersen and Anger, 1997) and hence higbf neurogenesis (Prokop and Technau, 1991). In the moth
organogenic activity, we can conclude that the dynamics dflanduca sextaup to 75% of the adult neurons are born
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postembryonically (Booker and Truman, 1887 Bookeretal.  period of embryogenesis. The specific features of neuronal
1996). In the present study, we have demonstrated that tdevelopment in crustaceans described here should encourage
neurogenic action in crab thoracic neuromeres increasdgrther comparative studies designed to define neurogenic
towards the end of embryogenesis and persists throughout tpatterns in a wider variety of arthropod species.
process of hatching, well into larval life. This temporal pattern
does not parallel that found in most holometabolous insect The authors wish to thank K. Anger for providing
species that have been studied. However, embryonic NBaboratory facilities at the Marine Station of the Biologische
whose mitotic activity is maintained throughout hatching andinstalt Helgoland and his expertise in rearfihgaraneus We
which persist into the larval stage have been reported in thge also indebted to E. Buchner and C. Klambt for kindly
tsetse flyGlossina pallidipegTruman, 1990). providing antibodies. Our special thanks are due to J.

In the larval thoracic neuromeresfosophila a set of 23 Goldstein from the New England Aquarium (Boston) and M.
NBs per hemineuromere together with a median NB arSyslo from the Massachusetts State Lobster Hatchery at
mitotically active (Truman and Bate, 1988). ThoracicMartha’s Vineyard for providing egg-bearing female lobsters.
neuromeres 1-3 in larvae bfanduca sext&ontain up to 23 K. Riesebeck and K. Paschke (Biologische Anstalt Helgoland)
postembryonic NBs per hemineuromere (only approximatelgre acknowledged for technical assistance. This study was
four are found in most abdominal neuromeres; Booker angupported by the DFG (Ha 2540/1-1) and NSF/IBN 9709514,
Truman, 198d; Bookeret al. 1996). The maximum number
of thoracic neuroblasts in crab larvatyés araneusis 10 per
hemineuromere (Harzsch and Dawirs, 1994; present study). References
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