
atodes. However, further interpretation of 
these phylogenetic analyses is complicated 
by two considerations. First, clear MSP or- 
thologs have not been identified outside of 
nematodes. Second, some proteins involved 
in sexual reproduction have been observed to 
undergo rapid evolution (21), which could 
eclipse evolutionary relationships. Thus, the 
current data do not allow us to distinrmish - 
between two alternative models. One possi- 
bility is that MSP arose from VAP during the 
evolution of the nematode reproductive sys- 
tem and diverged, acquiring one or multiple 
new functions. Alternatively, MSP was 
present in the common ancestor of many 
animals and was lost in some lineages or 
remains to be identified. MSP signaling func- 
tions could be derived and unique to MSP, or 
ancestral and shared among MSP and some 
VAP homologs. In any event, the exception- 
ally high degree of conservation in nema- 
todes makes MSP an attractive anti-helmin- 
thic drug target. 

Nematode sperm use a pseudopod to 
move over short distances by crawling (22). 
MSP is the most abundant protein in sperm 
(23) and forms self-assembling filaments in 
the pseudopod (24). Unlike flagellar sperm 
found in many animals, nematode sperm con- 
tain essentially no actin (25) and crawling is 
thought to be dependent on MSP function 
(26). The mechanism by which MSP signals 
are delivered to oocytes and sheath cells is 
not currently understood and may be novel. 
MSP does not have a signal sequence nor do 
C. elegans sperm have ribosomes, an endo- 
plasmic reticulum, or a Golgi system (22). 
Pseudopod formation is not required for MSP 
signaling because spe-4 spermatocytes (27), 
which fail to form pseudopods, are still ca- 
pable of promoting oocyte maturation and 
sheath contraction (I). 

These results, taken together with previ- 
ous studies (24), indicate that MSP has ac- 
quired both extracellular signaling and intra- 
cellular cytoskeletal functions during evolu- 
tion. MSP appears to perform these functions 
by mediating multiple protein-protein inter- 
actions using its single immunoglobulin-like 
fold (16, 28). The presence of MSP-like do- 
mains in yeast, plants, and animals suggests 
that some of these functions have been con- 
served during the evolution of multicellular 
organisms. 
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Sonic Hedgehog Control of Size 
and Shape in Midbrain Pattern 

Formation 
Seema Agarwala, Timothy A. Sanders, Clifton W. Ragsdale* 

Little is known about how patterns of cell types are organized to form brain 
structures of appropriate size and shape. To study this process, we employed 
in vivo electroporation during midbrain development to create ectopic sources 
of Sonic Hedgehog, a signaling molecule previously shown to specify different 
neuronal cell types in a concentration-dependent manner in vitro. We provide 
direct evidence that a Sonic Hedgehog source can control pattern at a distance 
in brain development and demonstrate that the size, shape, and orientation of 
the cell populations produced depend on the geometry of the rnorphogen 
source. Thus, a single regulatory molecule can coordinate tissue size and shape 
with cell-type identity in brain development. 

The determination of cell fate and the spatial 
organization of differentiated cells are the 
fundamental processes by which any tissue is 
organized during development. An attractive 
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mechanism for achieving spatial patterns of 
different neuronal cell types is through a 
"positional signal" from a morphogen source 
that elicits distinct molecular responses in 
target cells according to their distance from 
that source (I, 2). Evidence that Sonic 
Hedgehog (SHH) can serve as a positional 
signal in vertebrate central nervous system 
(CNS) development has come mainly from in 
vitro studies demonstrating that different cell 

.sciencemag.org SCIENCE VOL 291 16 MARCH 2001 2147 



R E P O R T S  

types in spinal cord explant cultures can be porations to express SHH ectopically in chick 
produced by different concentrations of re- midbrain at embryonic day 2 (E2), an age 
combinant SHH (3-5). We have sought in when endogenous SHH gene expression is 
vivo evidence for positional signaling by restricted to the ventral midline (Fig. IA). 
SHH in brain development. The embryonic ventral midbrain is an attrac- 

To demonstrate SHH effects on brain de- tive system for studying brain patterning, be- 
velopment, we employed controlled electro- cause it is transiently organized into a regular 

Fig. 1. SHH gene expres- 
sion and midbrain arc 
anatomy. (A and 8) 

gerated caudally to  illustrate the spatial relationships of 
the markers. The rostral extensions of the SHH and FOXA2 into diencephalon are omitted. Ill, third 
ventricle; FB, forebrain; FP, hindbrain floor plate; HB, hindbrain; IS, isthmus; rFP, rostral (or midbrain) 
floor plate. 

set of discrete arcuate territories (midbrain 
arcs) arrayed bilateral to the ventral midline 
(6). Each of these arcuate territories has a 
uniaue molecular identitv. based on its ex- 
pression of specific transcription factors. We 
assessed the effects of our electroporations at 
E5, when five molecularly distinct territories 
can be identified (Fig. 1, B through E). From 
the ventral midline outward, these territories 
are arc I (marked by PHOX2A ' motorneu- 
rons), arc 2 (GATAZ'., FOXA2+), the PAX6 
stripe, arc 3 (GATA2-'-, FOXA2 ), and the 
EVXl stripe. By employing multiple probe 
wholemount in situ hybridization, we exam- 
ined the effects of SHH misexpression on 
midbrain patterning as a whole, rather than on 
single cell types. Electroporations with alka- 
line phosphatase cDNA showed that we 
could make half of the ventral midbrain trans- 
genic, with the other half serving as a control 
(Fig. 2A). In addition, electroporation itself 
did not disrupt midbrain arc patterning (Fig. 
2B). 

We first studied thc effects of enlarging 
the SHH territory in ventromedial midbrain 
(7). As expectcd (8-10). SHH ovcrcxprcssion 
led to the up-regulation of transcriptional tar- 
gets of SHH, including FOXA2/HNF3P and 
the SHH receptor PATCHED (Fig. 2, C and 
D). In addition, the entire arcuate pattern of the 
ventral midbrain, including the PHOX2A.' 
motorneurons of arc 1 and the GATA2'- lat- 
cral arcs, was cxpandcd (Fig. 2, E and F). 
Despite these expansions, the relative posi- 
tions of the arcuate territories to each other 
and to the SHH source were maintained. 

SHH misexpression stimulated cell prolif- 
eration (Fig. 2G) and produced frank tissue 
growth of the ventral midbrain (Fig. 2H). 

Fig. 2. SHH misexpression in ventral midbrain. (A and B) Outcome of 
unilateral control electroporations at E2.S. (A) Alkaline phosphatase (AP) 
transgene expression at E5 shows AP transfedion encompassing one entire 
side of the ventral midbrain. Electroporated side in this and subsequent 
panels is the right. (B) ES arc pattern identified by Hx gene expression is not 
disrupted by electroporation. PAX3 gene expression marks midbrain tectum, 
which surrounds the midbrain arcs in flattened whole-mounts. [(C) to (H)] 
Effects of SHH electroporation at E2. (C and D) Expanded gene expression of 
SHH and FOXAZ (C), and PATCHED (PTC) (D) at E5. (E and F) Expanded 

PHOXZA and CATAZ gene expression at ES. Little overlap is seen between 
the PHOXZA+ motorneurons in arc 1 and the CATAZ' lateral arcs regardless 
of the nature of the enlargement of the SHH source. Note that the arc 
expansions include increases of both length (F) and width (E and F). (C) 
Increased BrdU labeling (27) over the PHOXZA' territory at E3. (H) Enlarged 
right midbrain at E9. The outline of the control left ventral midbrain is 
imposed (black dots) on the electroporated side to illustrate the increase in 
midbrain tissue mass. Expanded ISL7+ motorneuron population (right) con- 
firms successful SHH electroporation. TEC, tectum. 
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Thus. the observed patterning effects could 
be due to the expansion of pools of dedicated 
precursor cells rather than the respecification 
of cell fates by SHH. Consequently, we used 
microelectroporation to create small sources 
of ectopic SHH in dorsal midbrain, where 
arcs arc never seen. These experiments estab- 
lished that an ectopic SHH source is suffi- 
cicnt to elicit a completc set of midbrain arcs 
(Fig. 3. A and B). 

To explore thc mcchanism by which SHH 
generates multiple midbrain cell types, we 
introduced sources of SHH within the ventral 
midbrain at varying distances from the ven- 
tral midline. When placed in lateral tcgmen- 
turn, the ectopic SHH source produced a com- 
plete mirror-image duplication of the arc pat- 
tern (Fig. 3C). As the two SHH sources were 
brought close togethcr, however, cell types 
normally occupying arcuate territories most 
distant from the SHH source, such as arc 3 
and the EVXI territory, were lost from the 
center of the pattern (Fig. 3D), suggesting 
that the level of the signal provided by the 
two nearby SHH sources is too high to spec- 
ify arc 3 or the EVXl territory. Thus, a SHH 
source does not simply induce the midbrain 
arc pattern, but provides a positional signal to 
specify cell-type identity. 

The next set of experiments explored how 

Fig. 3. SHH serves as a 
positional signal in 
midbrain pattern for- 
mation. (A and B) An 
ectopic SHH source is 
sufficient to elicit a 
full set of tegmental 
arcs. (A) Side view of 
an E5 brain showing 
ectopic arcs (arrow- 
head) in lateral tec- 
tum. Arrow indicates 
position of normal 
arcs in ventral mid- 
brain. Rostral is to the 
right. (B) Dorsal view 
of an E5 brain showing 
a complete ectopic arc 
pattern in caudal tec- 
tum. Rostral is to the 
top. Isthmus (blue) 
identified by WNTl  
gene expression. (C 
and D) Respecification 
of ventral midbrain 
cell types as an ectop- 
ic source of SHH is 
moved toward 
the endoeenous SHH 

a positional signal controlling cell-type spec- 
ification could be deployed to produce brain 
structures of the required shape and orienta- 
tion. In hindbrain and spinal cord develop- 
ment, most neuronal cell types are arranged 
into longitudinal columns bilateral to the ven- 
tral midline. A simple account of this pattern- 
ing is that the SHH in thc ventral midline 
provides a positional signal and that the rcad- 
outs of this signal are longitudinal columns 
becausc the source is a longitudinal stripe. 
Shifting the orientation of the SHH source by 
90" should still produce a parallel array of 
stripes, but they should lie perpendicular to 
the normal arc pattern. By microelectropora- 
tion. wc directed ectopic SHH to the isth- 
mus (midbrain-hindbrain junction), creating a 
morphogen source orthogonal to the ventral 
midline. The ectopic arcs ran perpendicular 
to the normal arcs, forming an L-shaped pat- 
tern of midbrain cell types that conformed to 
the L-shaped SHH source (Fig. 3E). Thus, the 
orientation of the SHH source determines the 
orientation of the arc pattern. 

If a line source of SHH elicits stripes, then 
a spot source should produce a radial pattern. 
Such patterns have been demonstrated with 
morphogens of the TGFP family (11, 12). We 
found that microelectroporations producing 
spots of SHH gene expression created bull's- 

eye patterns of arc-specific rings, which re- 
sembled the eyespot of a butterfly's wing 
(Fig. 3F). Eyespots are known to express 
hedgehog transcripts (13) and to function as 
organizers in transplant experiments (14). 
Our findings establish that ectopic hedgehog 
is sufficient to organize an eyespot-like pat- 
tern in epithelial tissue. 

Finally, we found that small SHH sources 
elicited small patterns of ectopic arcs and 
large sources produced large patterns (Fig. 4). 
In essence, the size of the SHH source sets up 
the size of the field of ectopic arcs and the 
sizes of the individual arcuate territories. 

Our findings provide evidence that a SHH 
positional signal is able to establish a com- 
plete pattern of ventral midbrain cell types. 
We also demonstrate that SHH in brain de- 
velopment, like hh, ~ g ,  and c/pp in Drosoph- 
ilu limb development (15-17), can coordi- 
nate patterning with size control. Our results 
further point to the critical role that the ge- 
ometry of a morphogen source plays in pat- 
terning vertcbrate CNS structures and suggest 
a reason why the development of the floor 
plate, the principal source of SHH in spinal 
cord and brainstem development, is under 
such extensive developmental regulation (18. 
19). To pattern the CNS correctly, not only 
the location, but also the shape and size, of 
the SHH source must be vrecisc because the 

" 
source. (C) Ectopic 
SHH in lateral tegmentum, assayed by FOXAZ gene expression, results in a mirror-image duplica- 
tion of the normal arc pattern. (D) As the distance between the two sources is reduced, only a 
partial duplication of the arc pattern results. Arc 3 and the EVXl territory are present on both sides 
of the merged pattern, but are lost from the center of this "contour map" of SHH positional 
signaling. (E) Orientation of the SHH source determines the orientation of the pattern. An ectopic 
SHH source concentrated along the isthmus elicits arcs arrayed parallel to the isthmus and at 90° 
to the axis of the normal arc pattern. (F) The shape of the SHH source determines the shape of the 
pattern. A spot source of SHH produces a bull's-eye pattern of gene expression. Tr, trochlear 
nucleus. 

consequences for the patterning of neuronal 
assemblies are profound. In spinal cord de- 
velopment, SHH is expressed in a tight mid- 

Fig. 4. The size of the ectopic arc pattern is 
determined by the size of the SHH source. (A 
and B) Hx gene expression shows that small (A) 
or large (B) arc patterns can be produced and 
that the size of the pattern is proportional to 
the size of the SHH source (B). The right ventral 
midbrain and the part of tectum containing the 
ectopic pattern are shown in each flat-mount. 
Ventral midline is to the left. Bar, 448 pm. 

www.sciencemag.org SCIENCE VOL 291 16 MARCH 2001 



REPORTS 

line stripe and longitudinal columns are 
formed. By contrast, in midbrain develop- 
ment, SHHexpression fans out from the ven- 
tral midline, and arcuate territories in register 
with the morphogen source are the result. 
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Structure of an Extracellular 
gp130 Cytokine Receptor 

Signaling Complex 
Dar-chone chow,' Xiao-Lin ~ e , '  Andrew 1. snow,' 


Stefan ~ose-john? K. Christopher Garcia1* 


The activation of gp130, a shared signal-transducing receptor for a family of 
cytokines, is initiated by recognition of ligand followed by oligomerization into 
a higher order signaling complex. Kaposi's sarcoma-associated herpesvirus 
encodes a functional homolog of human interleukin-6 (IL-6) that activates 
human gp130. In the 2.4 angstrom crystal structure of the extracellular sig- 
naling assembly between viral IL-6 and human gp130, two complexes are 
cross-linked into a tetramer through direct interactions between the immu- 
noglobulin domain of gp130 and site Ill of viral IL-6, which is necessary for 
receptor activation. Unlike human IL-6 (which uses many hydrophilic residues), 
the viral cytokine largely uses hydrophobic amino acids to contact gp130, which 
enhances the complementarity of the viral IL-6-gp130 binding interfaces. The 
cross-reactivity of gp130 is apparently due to a chemical plasticity evident in 
the amphipathic gp130 cytokine-binding sites. 

In vertebrates, a 1 3 0  is a shared signal-trans- 
ducing receptor for a family of cytokines, 
including IL-6, herpesvirus IL-6 (vIL-6), IL- 
11, ciliary neurotrophic factor (CNTF), car- 
diotrophin (CT-l), leukemia inhibitory factor 
(LIF), oncostatin (OSM), and NNT-1lBSF3, 
which mediate a wide variety of both over- 
lapping and unique biological responses in 
vivo (1-4). The activities of gpl30 cytokines 
are mediated through formation of oligomeric 
complexes containing one or more copies of 
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gp130, which leads to intracellular activation 
of Src and Janus tyrosine kinases and of the 
STAT family of transcription factors (3, 5, 6). 

Cytokines that activate gp130 share a 
common, four-helix bundle fold (7, 8). En-
gagement of gp130 occurs through three con- 
served receptor-binding epitopes on the cyto- 
kines, the third of which is unique to gp130 
cytokines (9-13). By analogy to other hema- 
topoietic cytokine receptors, gp130 is pre- 
sumed to recognize ligand through its cyto- 
kine-binding homology region (CHR), locat- 
ed at domains 2 and 3 (D2D3) (8. 11-14). 

@130 uniqueiy
, \ 

anrequires 

NH2-termina1 immunoglobulin
@)-like activation domain (IGD) in order to 
be functionally responsive to cytokine (15). 

Hematopoietic receptors such as human 
growth hormone (hGH) exhibit a simple ac- 
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tivation model characterized by the ho-
modimerization of two recevtors bv one cv- 
tokine molecule via binding sites I and I1 (16, 
17). In contrast, for gp130, "recognition" and 
"activation" complexes are disparate hetero- 
oligomeric species that are formed in a step- 
wise fashion (11-13, 18, 19). IL-6, the most 
extensively studied of the gp130 cytokines, 
cannot bind gp130 unless it first forms a 
complex with a specific a receptor (termed 
IL-6Ra, hereafter simply Ra) through a "site 
I" epitope (3). This binary IL-6-Ra complex 
forms a composite epitope, termed "site 11," 
which interacts with the CHR of gp130 
(D2D3 domains) to form a trimolecular ( 1: 1: 
1) recognition complex, which is not compe- 
tent for signaling. A transition to a higher 
order signaling assembly requires recruitment 
of the site I11 ev i to~e  and IGD into the rec- . A 


ognition complex to form the higher order 
activation complex (10, 15, 20, 21). Although 
the topology of the activated assembly re-
mains unknown, functional studies indicate 
that IL-6 and IL-11 signaling complexes are 
"hexamers" containing two copies each of 
cytokine, Ra,  and gp130 (2:2:2) (18, 22, 23). 
Because the functional epitopes (sites I, 11, 
and 111) of all gp130 cytokines are in similar 
locations, it is likely that each signaling as- 
sembly will be constructed from a common 
oligomeric template. 

Kaposi's sarcoma-associated herpesvirus 
(KSHV, or HHV8) is a recently discovered 
y-herpesvirus that is a likely causative factor 
for the development of acquired immunode- 
ficiency syndrome-related Kaposi's sarcoma 
(KS), as well as other neoplastic diseases 
associated with KS (24). KSHV encodes a 
functional homolog of interleukin-6 (termed 
vIL-6, 25% sequence homology) that is ex- 
pressed in KS-infected cells and is able to 
induce angiogenesis and hematopoiesis in IL- 
6-dependent cell lines (25, 26). vIL-6 direct- 
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