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Dictyostelium Development in the 
Absence of cAMP 

Bin Wang and Adam Kuspa* 

Adenosine 3',5'-monophosphate (CAMP) and CAMP-dependent protein kinase (PKA) are 
regulators of development in many organisms. Dictyostelium uses cAMP as an extra- 
cellular chemoattractant and as an intracellular signal for differentiation. Cells that are 
mutant in adenylyl cyclase do not develop. Moderate expression of the catalytic subunit 
of PKA in adenylyl cyclase-null cells led to near-normal development without detectable 
accumulation of CAMP. These results suggest that all intracellular cAMP signaling is 
effected through PKA and that signals other than extracellular cAMP coordinate mor- 
phogenesis in Dictyostelium. 

I n  both vertebrates and invertebrates, the 
control of cAMP synthesis and its detection 
by cellular targets such as PKA are essential 
for many developmental processes (1 ). Dur- 
ing Dictyostelium development, cAMP is 
used as a signal both inside and outside of 
cells (2). Pulses of extracellular cAMP are 
generated by the cells and are used for 
chemotaxis during aggregation, a process 
that brings lo5 cells into a mound. Extra- 
cellular cAMP is detected by G protein- 
coupled cell surface receptors (3). This re- 
sults in the chemotaxis of cells toward in- 
creased cAMP as well as propagation of the 
signal through the activation of ACA, the 
adenylyl cyclase that produces cAMP dur- 
ing development (4). PKA, the major 
downstream effector of the CAMP-ACA 
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signaling pathway inside the cell, is activat- 
ed when its regulatory subunit (PKA-R) 
binds cAMP and dissociates from the cata- 
lytic subunit (PKA-C) (5). Cells in which 
PKA-R is inactivated (6) or in which 
PKA-C is constitutively active (7,  8 )  devel- 
op rapidly, which suggests that PKA regu- 
lates the timing of development. 

After aggregation, extracellular cAMP 
has been proposed to direct a number of 
processes, including the sorting of cell types 
into distinct tissues, slug migration, termi- 
nal cell differentiation, and the morpho- 
genesis of the final fruiting body (9-1 1). T o  
test the role of extracellular cAMP in de- 
velopment, we obviated the requirement for 
cAMP as a second messenger by rendering 
PKA constitutively active. By doing this in 
an  ACA-null mutant, we produced cells 
that do not make cAMP but have the key 
intracellular cAMP pathway activated. Be- 
cause PKA activation promotes many de- 
velopmental events (7, 8, l l ,  12), these 

cells allowed an  assessment of the processes 
that are independent of CAMP. 

We  introduced an  expression plasmid 
with an  epitope-tagged PKA-C coding re- 
gion under the transcriptional control of 
an  actin15 promoter into acaA mutant 
cells by transformation (13). The  actinl5 
promoter directs relatively constant amounts 
of transcription throughout development 
in all cells (14). After the primary trans- 
formants were cloned on growth plates, 
cells that had exhausted the bacterial 
food supply within some of the colonies 
were clearly undergoing development. 
The  epitope-tagged PKA-C protein was 
produced by these developing transfor- 
mants [acaA(PKA-C) cells] but was not 
detected in transformants that did not  de- 
velop (13). Analysis of the DNA and 
RNA of several isolates of acaA(PKA-C) 
cells confirmed that the acaA locus re- 
mained disrupted and that acaA mRNA 
did not  accumulate at any time during 
development (1 3) .  We  also measured 
PKA-C activity in cells that had been 
developing for 8 hours, as measured by 
phosphorylation of the peptide substrate 
Kemptide (15). The  acaA(PKA-C) cells 
exhibited 4.3 times the activity (1.4 nmol 
min-' mg-') of the parental acaA cells 
and 1.6 times the activity of wild-type 
cells. 

When acaA(PKA-C) cells were axeni- 
cally grown, washed, and placed on Milli- 
pore filters, they underwent relatively nor- 
mal development. They began to aggregate 
by 10 hours, forming broad "streams" of 
cells that persisted for several hours, such 
that mound formation was delayed by about 
2 hours (Fig. 1A). The mounds produced by 
the acaA(PKA-C) cells progressed through 
a normal sequence of developmental struc- 
tures and formed fruiting bodies by 30 hours 
(Fig. 1, B and C) .  

T o  determine whether constitutive PKA 
activity restored cAMP signaling in the 
acaA(PKA-C) cells, we measured adenylyl 
cyclase activity and cAMP production in 
several ways. After cells were pulsed with 
cAMP for 5 hours, acaA(PKA-C) cells had 
<0.4% of the adenylyl cyclase activity of 
wild-type cells (1 6). During development 
on filters, adenylyl cyclase activity in wild- 
type cells increased to a maximum at 8 
hours and then declined, as previously re- 
ported (17). The activity in acaA(PKA-C) 
cells and acaA mutant cells never rose 
above the background of the assay (1 6). We  
also directly measured the accumulation of 
cAMP in intact aggregation-competent 
cells (1 8) .  When cells were stimulated with 
2'-deoxy-CAMP, cAMP rapidly accumulat- 
ed in wild-type cells but remained at back- 
ground in the acaA- and acaA(PKA-C) 
cells (Fig. 2A). During the development of 
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a d  acaA(PKA-C) Wild type 

24 hours 
C Wild type 

12 hours 

Fig. 1. Development of wild-type and PKA-C 
rescued acaA cells. (A) Typical fields of acaA mu- 
tant, acaA(PKA-C), and wild-type cells, 12 hours 
after they were spread on a Millipore filter to initiate 
development (27). (B and C) Multicellular struc- 
tures of acaA(PKA-C) cells (B) and wild-type cells 
(C) are shown with the time of development above 
each panel. The development of the acaA(PKA- 
C) cells is delayed relative to the wild-type cells, so 
similar morphological stages are shown for com- 
parison. Scale bars, 250 pm. 

wild-type cells, steady-state amounts of 
cAMP were highest during aggregation, de- 
clined until the time of culmination. and 
then increased during fruiting body firma- 
tion (Fig. 2B). In the acaA(PKA-C) cells, 
cAMP was below detection limits at all 
times tested (18). These measurements of 
adenylyl cyclase activity and cAMP produc- 
tion are consistent with previous findings 
that ACA accounts for all of the detectable 
adenylyl cyclase activity during develop- 
ment (4). Thus, the development of 
acaA(PKA-C) cells is not attributable to 
the ACA-independent synthesis of CAMP. 

Pulsatile cAMP signaling and chemo- 
taxis is thought to be required for the re- 
cruitment of cells from a distance, which 
enables properly sized aggregates to form 
irrespective of the initial cell density (19). 
Because acaA(PKA-C) cells aggregate with- 
out producing detectable CAMP, we exam- 
ined the cell density dependence of their 
aggregation. The acaA(PKA-C) cells aggre- 

dl - 
$ " o  2 4 6 8 - 
o Minutes after stimulation 

Hours of development 

Fig. 2. cAMP produced by CAMP-stimulated cells 
and by cells developing on filters. (A) Production of 
cAMP from wild-type cells (solid circles), acaA 
mutant cells (open squares), or acaA(PKA-C) 
cells (solid squares) after stimulation with 2'-de- 
oxy-CAMP (18). Means and SEs are shown for 
three experiments performed in triplicate. Ab- 
sence of error bars indicates that the error was 
smaller than the symbol. (B) Total concentration of 
cAMP present at various times for wild-type cells 
(solid circles) or acaA(PKA-C) cells (solid squares) 
developing on filters (18). One representative ex- 
~eriment is shown. 

gated at the cell density that is normally 
used for development on an agar surface 
(Table 1, second highest density). The ag- 
gregates were of normal size, and most went 
on to form fruiting bodies. However, at cell 
densities of 5.5 x 10' cells/cm2 and lower, 
the acaA(PKA-C) cells failed to aggregate, 
whereas the wild-type cells formed aggre- 
gates of normal size and roughly in propor- 
tion to the total number of cells in the 
developing field (Table 1). These results 
directly confirm the requirement of cAMP 
signaling for the production of properly 
sized aggregates by cells at low density. Cer- 
tain mutant cells have been shown to ag- 
gregate without pulsatile cAMP signaling in 
the presence of high, constant amounts of 
cAMP (4) or nonhydrolyzable cAMP deriv- 
atives (20). Our results show that cells at 
high density are able to aggregate without 
cAMP as long as PKA is active. 

Within aggregates, randomly distributed 
prestalk cells move to the apex, where they 
form a tip that can lead prespore cells on 
extended migrations as slugs (21). It has 
been assumed that these cell movements 
result from chemotactic responses to extra- 
cellular cAMP (9); hence, we tested wheth- 
er acaA(PKA-C) cells formed prestalk re- 
gions and migrating slugs. Neutral red pref- 

Table 1. Cell density dependence of aggregation. 
Means (5SD) of the total number of aggregates 
observed at 14 hours are shown at each cell den- 
sity for three spots of cells developing on the same 
buffered-agar plate (29). Data from a typical ex- 
periment are shown. Most of the aggregates in 
every sample continued through development 
and formed fruiting bodies. 

Cell density 
(1 O5 cells/cm2) 

Multicellularity 
(aggregates/cm2) 

Wild type acaA(PKA-C) 

erentially stains prestalk cells and is not 
transferred between cells (22). As observed . , 

by neutral red staining, prestalk cells sorted 
to the apex of acaA(PKA-C) cell aggregates 
in a manner indistinguishable from that of 
wild-type cells (23). These aggregates 
formed slugs with normal proportions of 
prestalk cells in their tips, and they migrat- 
ed at the normal rate (23). These results 
rule out any essential role for extracellular 
cAMP in cell sorting or slug migration. 

We also examined several molecular and 
cellular markers of develo~ment. The ex- 
pression of pdsA was rkstored in the 
acaA(PKA-C) cells; however, a delay in the 
transition from the 1.9-kb transcript to the 
2.4-kb transcript was evident (24) (Fig. 
3A). Expression of the carA gene in 
acaA(PKA-C) cells appeared normal. The 
acaA gene was expressed during aggregation 
of the wild-type cells starting at 6 hours 
and, as expected, was not expressed in ei- 
ther of the acaA mutants. The expression 
patterns of the cell type-specific genes 
cotA, ecmA, and spiA in acaA(PKA-C) cells 
were remarkably similar to those of wild- 
type cells (Fig. 3B). The correct temporal 
regulation of cotA and ecmA in the 
acaA(PKA-C) cells indicates that specific 
temporal or spatial regulation of PKA is not 
required for the timing of cell type-specific 
gene expression. Later in development, the 
onset of expression of the sporulation-spe- 
cific gene spiA was delayed by about 4 hours 
in the acaA(PKA-C) cells. consistent with 
the delay in the completion of development 
in these cells (Fig. 3B). The acaA(PKA-C) 
cells produced the same number of spores 
per fruiting body as were produced by wild- 
type cells (25), and the acaA(PKA-C) 
spores were viable, as judged by their ability 
to germinate and form colonies on bacterial 
growth plates (26). The formation by 
acaA(PKA-C) cells of a stalk capable of 
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1 
1 2 4 6 8 1 0  0 2 4 6 8 1 0  0 2 4 6 8 1 0 h o u r s  structed by calcium phosphate-mediated DNA - -- -- - - .- -- *-* * transformation [W. Nellen et a/., Methods CeN Biol. 

28,67 (198711 with the plasmid p3C.C. This transfor- -- mation was repeated twice and similar results were 
obtained. The axenic strain Ax4, transformed with 

'1 
the control plasmid pDXA-3C, was used as the wild- 
type control. The parental control cells were acaA- 
cells transformed wlh pDXA-3C. All strains were p a w  a c a ~  grown in HL-5 (27) supplemented with G418 (20 

B o 4 8 ~ _ 1 2  14- hours 
pg/ml; Geneticin, Gibco-BRL). Protein immunoblot 
analysis was canied out by standard procedures 

cotA " w( using commercially available monoclonal antibodies 

z>--- 7-- -v - 
to the HAepitope (12CA5; BAbCO, Richmond, CA). 

-1-4 ---A& - . Southern transfer of DNA gels was carried out by .. alkaline transfer and hybridized with a 32P-labeled 

lli . k -. i )  
DNA fragment from the acaA gene (provided by 
P. N. Devreotes). For analysis of gene expression, 

WId type acaA(PKA-C) acaA- total RNA was prepared from cells developing on 
Millipore filters (27) and purified by TRlZol reagent 

Fig. 3. Gene expression in the PKA-Crescued acaA cells. Northern blots of mRNA purified from cells (G~~CO-BRL) following the manufacturer3s recorn- 
at the indicated times of development on filters are shown after hybridization with several gene probes mendations. Ten micrograms of total RNA were 
and autoradiography (13). (A) Expression of aggregation-stage genes. carA encodes the major aggre- size-fractionated on formaldehyde-containing aga- 

gation-stage CAMP receptor cAR1 (3), pdsA encodes an extracellular phosphodiesterase (30), and gels, transferred afilter, and hybridized with 

acaA encodes the adenylyl cyclase ACA (4). which is disrupted in the acaA mutant and acaA(PKA-C) ~ ~ ~ I " , ~ ~ ~ ~ a ~ , " " , ~ ~ ~ ~ ~ ; i ~ ~ ~ ~ f d t ~ , " h ~ $ i ~ ~ ~  
cells. (6) Expression of cell type-specific genes. cotA is a prespore-specific gene (31), ecmA is a solutions and exposed to film for the same 
prestalk-specific gene (32), and spiA is a sporulation-specific gene (33). In this experiment, the wild-type amount of time. The expression of pkaC mRNA, 
cells and acaA(PKA-C) cells formed fruiting bodies by 26 and 30 hours, respectively, and the acaA most of which was derived from the act75::pkaC 
mutant cells showed no visible signs of development. plasmid, was present in vegetative cells, increased 

to a maximum by 8 hours of development, and then 
decreased to about one-tenth of this maximum by 
the time fruiting bodies formed. This is the pattern 

carrying a normal-size sorus above the sub- entia 51,1166 (1995); P. J. M. Van Haasten, ibid., P. expected for expression from the actin15 promoter 
( F ~ ~ .  1 ~ )  signified proper stalk cell 1144; W. F. Loomis, Mlcroblol. Rev. 60,135 (1996); 

C. A. Parent and P. N. Devreotes, Annu. Rev. Bio- (I4)' 
production. Thus, because PKA-C activa- &em. 65,411 (1 996). 14. D. A. Knecht, S. M. Cohen, W. F. Loomis, H. F. 

tion overcomes the requirement for cAMP 3. P. S. Klein eta/., Science 241,1467 (1988). Lodish, Mol. Cell. Biol. 6, 3973 (1986); G. Shaulsky, 
A. Kuspa, W. F. Loomis, Genes Dev. 9, 1 1 1 1 (1995). 

signaling after aggregation, all responses to 4. G. S. Pitt K. etal., C. tin, Cell P. N. 69, Devreotes, 305 (1992); P. Schaap, G. S. Pitt, Genes R. 15. PKA-C activity was estimated by phosphotylation 
extracellular CAMP later in development mv, 7, 2172 (1993). of the synthetic peptide substrate Kemptide. Cells 

must be mediated by PKA. were allowed to develop on Millipore filters for 8 
5' D' Part' J' De Gunzburgs M' Verons Differ' 17' hours (27), collected into phosphate buffer [50 mM 

How can our results be rationalized, giv- 221 (1985). KH,PO, and 50 mM Na,HPO, (pH 6.1)], and 
en that work over the past 30 years has 6. K. Abe, Y. Okada, M. Wads, K. Yanagisawa, J. Gen. washed once. Cells were then collected by centrif- 

Microbial. 129, 1623 (1983); K. Abe and K. Yanagi- ugation and lysed in extraction buffer [25 mM tris- shown that extracellular is required sawa, Dev. Biol. 95, 200 (1983); M. N. Simon, 0. HCI ( p ~  7,4), 0.5 m~ EDTA, 0.5 m~ EGTA, 10 m~ 
for development? It is unlikely that adven- Pelegrini, M. Veron, R. R. Kay, Nature 356, 171 P-mercaptoethanol, leupeptin (l pg,ml), and apro- 
titious regulatory mechanisms are induced (Im2). tinin (I pg/ml)]. The lysate was centrifuged for 5 min 

7. C. Anjard, S. Pinaud, R. R. Kay, C. D. Reymond, 
by PKA-C overexpression, substitute for Development 5, 785 992). at 4°C in a microcentrifuge, and the supernatant 

was assayed using a PKA kit according to the man- 
CAMP signaling, and recapitulate the wild- 8. S. K. O. Mann, W. M. Yonemoto, S. S. Taylor, R. A. ufacturer's instructions (Promega). Samples were 
type developmental program, Instead, the Firtel, PKC. Natl. Acad. Sci U.S.A. 89,10701 (1992). assayed for phosphotylation of Kemptide with and 
a c a ~ ( p m - ~ )  cells reveal that other signal- 9. D. Traynor, R. H. Kessin, J. G. Williams, ibld., p. without CAMP present in the reaction, or in the 
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of events in most experimental tests. Per- D. J. M. Peters et a/., PKC. Natl. Acad. Sci. U.S.A. ponentially growing cells were washed and sus- 

88,9219 (1991); R. D. M. Soede, N. A. Hopper, J. G. pended at 2 x 107cells/ml in phosphate buffer [50 haps extracellular trans- Williams, P. Schaap, Dev. Biol. 177, 152 (1996). mM KH,P04 and 50 mM NsHPO, (pH 6.111 and 
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stream components of which remain largely 183,208 (1997). acaA(PKA-C) cells and in the acaA-null cells was 

REFERENCES AND NOTES 

1. M. Hammerschmidt, M. J. Bitgood, A. P. McMahon, 
Genes Dev. 10,647 (1 996); T. Lepage, S. M. Cohen, 
F. J. Diaz-Benjumea, S. M. Parkhurst, Nature 373, 
71 1 (1995); D. Pan and G. M. Rubin, Cell 80, 543 
(1995); D. I. Strutt, V. Wiersdorfl, M. Mlodzik, Nature 
373, 705 (1 995). 

2. R. A. Firtel, Genes Dev. 9, 1427 (1995); C. D. Rey- 
mond, P. Schaap, M. Veron, J. G. Williams, Experi- 

13. The PKA-C expression construct was made by fus- 
ing a DNA fragment encoding the influenza hemag- 
glutinin (HA) epitope [T. Durfee et a/., Genes Dev. 7, 
555 (1 993)], in frame, upstream of the PKA-C coding 
sequence (7, 8). This fragment was cloned into the 
Dictyostelium expression plasmid pDXA-3C [D. J. 
Manstein, H. P. Schuster, P. Morandini, D. M. Hunt, 
Gene 162, 129 (1 995)] to create an act15::pkaC 
plasmid called p3C.C. The acaA-disrupted strain 
(provided by P. N. Devreotes) contained an insertion 
of the thyA gene [J. Dynes and R. A. Firtel, Proc. Natl. 
Acad. Sci. U.S.A. 86, 7966 (1 98911 in the acaA locus 
(4). The acaA cells expressing PKA-C were con- 

50.08 2 0.07 pmol min-' mg-' under all condi- 
tions. The AC activity in wild-type cells was 25 2 3 
pmol min-' mg-' in the presence of GTP-y-S. AC 
activity was also measured during development by 
collecting filter-developed cells at various times, con- 
centrating them to 108cells/ml, and assaying lysates 
for the presence and absence of MnSO, or GTP-y- 
S. In one typical experiment, the AC activity of wild- 
type cells peaked at 17 pmol min-' mg-' in the 
presence of GTP-y-S, whereas the AC activity of 
acaA(PKA-C) cells ranged from -0.25 to +0.54 
pmol min-' mg-'. 

17. C. P. Klein, FEBS Lett. 68, 125 (1976). 

www.sciencemag.org SCIENCE VOL. 277 11 JULY 1997 253 



18, cAMP production was measured In cells that were 
shaken in phosphate buffer for 4 hours, followed by 
50-nM pulses of cAMP for an additional 3 hours (28). 
Cells were then collected, washed twice, and resus- 
pended at 5 x l o 7  cells/ml. They were then stimulat- 
ed wlth 10 pM 2'-deoxy-CAMP, dithiothreitol was 
added to a final concentration of 5 mM, and 100-bl 
samples were removed at various tlmes, added to 
100 p1 of 3.5% perchlorlc acld, and frozen. Total 
cAMP produced was determined with a cAMP RIA kit 
(Amersham). Before analysis, frozen samples were 
thawed and neutralized with 50% NaHCO,, the re- 
sulting lysates were centrifuged, and the superna- 
tants were assayed. Total cAMP production of cells 
developing on fllters was determined by scraping 
cells directly into 3.5% perchloric acld and process- 
ing the samples as described above. The cAMP stan- 
dard curves were determined by processing known 
concentrations of cAMP through the same sample 
preparation as the stimulated cells (perchlorlc acid 
treatment and so forth). Sensitivity to beef heart phos- 
phodiesterase (Sigma) was used to confirm the pres- 
ence of cAMP in samples. PDE treatment lowered 
cAMP concentrations in wild-type samples to those 
measured in acaA mutant strains. The amounts of 
"CAMP measured in extracts of acaA-null or 
acaA(PKA-C) cells were unaffected by the treatment 
with PDE. In these experiments, the detection limit of 
the assay was 0.1 pmol per 10' cells. 

19. W. Roos, C. Sche~degger, G. Gerisch, Nature 266, 
259 (1977); K. J. Tomchik and P. N. Devreotes, 
Science 212, 443 (1981); H. Levine, I. Aranson, L. 
Tsimring, T. V. Truong, Proc. Nati. Acad. Sci. U.S.A. 
93, 6382 (1996). 

20. E. Wallraff, D. L. Welker, K. L. Williams, G. Gerisch, 
J. Gen. Microbial. 130, 2103 (1984); G. Gerisch et 
ai., Cold Spring Harbor Symp. Quant Biol. 50, 813 
(1 985). 

21. K. B. Raper, J. Elisha Mitchell Sci. Soc. 56, 241 
(1 940); J. G. Williams et ai., Cell 59, 11 57 ( I  989). 

22. J. T. Bonner, Am. Nat. 86, 79 (1952); Proc. Nati. 
Acad. Sci. U.S.A. 45, 379 (1959); J. Sternfeld and 
C. N. David, Differentiation 20, 10 (1981); Dev. Biol. 
93, 11 1 (1 982); C. J. Weijer, C. N. David, J. Sternfeld, 
Methods Cell Biol. 28, 449 ( I  987). 

23. B. Wang and A. Kuspa, data not shown. 
24. J.  Franke, G. J. Podgorski, R. H. Kessln, Dev. Bioi. 

124, 504 (1987); L. Wu, D. Hansen, J.  Franke, R. H. 
Kessin, G. J.  Podgorskl, ibid. 171, 149 (1995). 

25,'To determine the extent of sporulation, we trans- 
ferred sori from individual fruiting bodies to 20 p1 of 
20 mM potassium phosphate buffer (pH 6.2) con- 
taining 0.4% NP-40 nonionic detergent (Sigma) and 
triturated at room temperature. The number of re- 
fractile, ovoid spores was determined by phase-con- 
trast microscopy using a hemocytometer. Spores 
were counted for flve fruiting bodles produced by 
wild-type or acaA(PKA-C) cells. 

26. The viablllty of the spores was determined after de- 
tergent treatment (25) by platlng 1500 vislble spores 
on 10 SM agar plates In association wlth Klebsielia 
aerogenes (27). The number of colonies formed was 
assumed to be representative of the number of via- 
ble spores In the origlnal sample. 

27. M. Sussman, Methods Ceil Biol. 28, 9 (1987). 
28. P. Devreotes, D. Fontana, P. Klein, J. Sherrlng, A. 

Theibert, ibid., p. 299. 
29. The cell denslty dependence of development was 

measured by developing cells on phosphate-buff- 
ered agar at different cell densities (27). Cells were 
washed from growth medla, resuspended in phos- 
phate buffer, and diluted to various cell densities, 
and 0.1 ml of the suspension was spotted onto 
phosphate-buffered 1 % agar plates (Difco, Detroit, 
MI). A layer of cells within a 1 .8-cm2 circle was 
formed after the buffer was absorbed by the agar. 
Total numbers of aggregates and fruiting bodies 
formed were scored on a dissecting microscope af- 
ter 14 hours and 36 hours of development, respec- 
tively. At the highest cell density tested, some of the 
aggregates formed by acaA(PKA-C) cells, which did 
not progress to normal fruiting bodies, formed termi- 
nal structures similar to those observed for wild-type 
cells overexpressing pkaC (7, 8) or pkaR-null mu- 
tants (6). The acaA mutant cells were never ob- 

served to produce aggregates at these cell densities 
(23). A similar cell density dependence for aggrega- 
tion of the acaA(PKA-C) cells was found on Millipore 
fllters (23). 

30. M. L. Lacombe, G. J. Podgorski, J. Franke, R. H. 
Kessin, J. Biol. Chem. 261, 1681 1 (1 986). 

31. K. L. Fosnaugh and W. F. Loomis, Nucleic Acids 
Res. 17, 9489 (1 989). 

32. S. J. McRobbie, K. A. Jermyn, K. Duffy, K. Blight, 
J ,  G. Williams, Deveiopment 104, 275 (1988). 

33. D. L. Richardson, C. B. Hong, W. F. Loomls, Dev. 

Biol. 144, 269 (1991). 
34. We thank W. F, Loomis, D. Hereld, and S. Lu for 

many helpful discussions regarding this work; G. 
Souza, G. Shaulsky, and W. F. Loomis for sugges- 
tions that improved the manuscript; and R. Sucgang 
for help in preparing thefigures. Supported by grants 
from NIH and the State of Texas. A.K. is a Searle 
Scholar and an American Cancer Society Junior 
Faculty Research Fellow. 

25 March 1997; accepted 30 May 1997 

Specification of the Zebrafish Nervous System 
by Nonaxial Signals 

Katherine Woo* and Scott E. Fraser 

The organizer of the amphibian gastrula provides the neurectoderm with both neuralizing 
and posteriorizing (transforming) signals. In zebrafish, transplantations show that a 
spatially distinct transformer signal emanates from tissues other than the organizer. Cells 
of the germring (nonaxial mesendoderm) posteriorized forebrain progenitors when graft- 
ed nearby, resulting in an ectopic hindbrain-like structure; in contrast, cells of the 
organizer (axial mesendoderm) caused no posterior transformation. Local application of 
basic fibroblast growth factor, a candidate transformer in Xenopus, caused malformation 
but not hindbrain transformation in the forebrain. Thus, the zebrafish gastrula may 
integrate spatially distinct signals from the organizer and the germring to pattern the 
neural axis. 

T h e  developing vertebrate central nervous 
system is patterned by inductive interactions 
(1 ). The gastrula organizer (referred to as the 
"dorsal lip" in amphibians, "node" in am- 
niotes, and "shield" in fish) is thought to be 
the source of patterning information (2). 
Analyses using amphibian embryos have in- 
dicated temporally distinct signals within the 
organizer ( 3 , 4 ) :  A n  activator signal from the 
anterior axial mesoderm defines the anterior 
neurectoderm. and a subseauent transformer 
signal from ;he chordagesoderm (noto- 
chord) repatterns nearby neural tissue into 
more posterior types. In mouse, chick, and 
fish embryos, the elimination of the organiz- 
er does not abolish anteroposterior (AP) pat- 
terning in the neurectoderm; hence, there is 
a source of pattern information in non-orga- 
nizer tissues (5. 6). . ,  , 

The neural fate map of zebrafish (7) shows 
patterning by 6 hours of development, when 
gastrulation has only advanced to the forma- 
tion of a thickened blastoderm margin (germ- 
ring) and an embryonic shield at its dorsal 
side. Forebrain progenitors are located far 
from the germring, spanning the dorsal mid- 
line (Fig. 1A). In contrast, hindbrain progen- 
itors lie close to the germring, lateral to the 
embryonic shield, with midbrain progenitors 
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in between (Fig. 1A). The early regionaliza- 
tion of anterior (forebrain) and posterior 
(hindbrain) neural progenitors within the 
neurectoderm allowed us to investigate signals 
that may differentially pattern the neuraxis. 
We hypothesized that proximity to the germ- 
ring might specify more posterior neural fates. 
Indeed, labeled presumptive forebrain progen- 
itors (Fig. lB) ,  transplanted (8) at shield stage 
to the position of the presumptive hindbrain, 
adopt the hindbrain fate (Fig. 1C). Moreover, 
presumptive hindbrain cells are not commit- 
ted to a specific fate at this stage (9). Thus, 
the signals that normally instruct or permit 
cells to adopt the hindbrain fate are still ac- 
tive in vivo at 6 hours. 

Because deletion of the shield disru~ts  
notochord but not hindbrain development 
( 6 ) ,  the signals responsible for hindbrain 
patterning probably do not come exclusive- 
lv from the shield. Germrine tissue mav be a source of such a posterioriz7ng signal. i'he 
shield contributes to axial mesoderm, noto- 
chord, and ventral neural tissues (10) (Fig. 
ID);  the germring gives rise to somitic me- 
soderm, posterior mesoderm, and endoderm 
(Fig. 1, E and F) (1 1). T o  investigate pat- 
terning by nonaxial germring tissue, we 
transplanted sectors of the shield (0") and 
the germring at defined angular distances 
from the dorsal midline (45", 90°, 135", and 
180") to the animal pole, a region fated to 
become forebrain (Fig. 1, A and B), of 
shield-stage zebrafish. If the germring were 
the source of a patterning signal, such grafts 
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