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Requirement of MADS Domain Transcription 
Factor D-MEF2 for Muscle Formation 
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Members of the myocyte enhancer binding factor-2 (MEF2) family of MADS (MCM1, 
agamous, deficiens, and serum response factor) box transcription factors are expressed 
in the skeletal, cardiac, and smooth muscle lineages of vertebrate and Drosophila em- 
bryos. These factors bind an adenine-thymidine-rich DNA sequence associated with 
muscle-specific genes. The function of MEF2 was determined by generating a loss-of- 
function of the single mef2 gene in Drosophila (D-mef2). In loss-of-function embryos, 

-somatic, cardiac, and visceral muscle cells did not differentiate, but myoblasts were 
normally specified and positioned. These results demonstrate that different muscle cell 
types share a common myogenic differentiation program controlled by MEF2. 

T h e  three major muscle cell types (skeletal, 
cardiac, and smooth) express many of the 
same muscle-specific genes, which suggests 
that they may use a common myogenic reg- 
ulatory program that directs muscle gene 
transcription. However, each muscle cell 
type is unique with respect to the muscle 
proteins expressed, contractile properties, 
ability to divide, and morphology. Thus, if a 
common myogenic program exists, it must 
be modified by additional regulatory factors 
to generate muscle cell diversity. 
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In vertebrates, skeletal muscle formation 
is controlled by a family of myogenic basic 
helix-loop-helix (bHLH) proteins, which 
includes MyoD, myogenin, myf5, and 
MRF4 [reviewed in ( I ) ] .  When expressed 
ectopically in nonmuscle cell types, these 
factors can activate skeletal muscle gene 
expression. The myogenic bHLH factors are 
exclusively expressed in skeletal muscle. 
Therefore, other regulators must control 
muscle gene expression in cardiac and 
smooth muscle. MEF2, which recognizes an 
A-T-rich DNA sequence associated with 
skeletal, cardiac, and smooth muscle genes, 
may be such a factor (2).  Four mef2 genes, 
designated mef2a, -b, -c, and -d, have been 
cloned from several vertebrate species (3, 
4). MEF2 factors, also known as related to 
serum response factors (RSRFs) (4), belong 
to the MADS family of transcription factors 
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and share extensive homology in the 
MADS domain, which mediates dimeriza- 
tion and DNA binding. 

Recent studies have implicated MEFZ 
factors in the regulation of myogenic bHLH 
genes. MEF2-binding sites in the promoters 
of the mouse myogenin (5) and Xenopus 
MyoD (6) genes are important for transcrip- 
tion of these genes in muscle cells. Expres- 
sion of exogenous MEFZ factors in fibro- 
blasts can induce the expression of myogen- 
ic bHLH genes (7). Conversely, MEFZ 
DNA-binding activity can be induced in 
nonmuscle cells by myogenic bHLH factors 
(8). Thus, myogenic bHLH proteins and 
MEFZ factors function within a re~ulatorv " 
network that involves positive feedback 
l o o ~ s  in which the two families of factors 
cross-regulate one another's expression. 

The functions of the MEFZ family may 
be difficult to define in vertebrate systems 
because there are multiple mef2 genes with 
overlapping expression patterns (9). There- 
fore, we have sought to define the functions 
of MEFZ in Drosophila, which contains a 
single mef2 gene, D-mef2, that encodes a 
protein with extensive homology to the 
MADS domains of the mammalian MEFZ 
proteins (1 0, 1 1 ). During embryogenesis, 
D-mef2 expression is initiated at gastrula- 
tion within mesodermal precursor cells in 
the ventral furrow. Shortly thereafter, D- 
mef2 ex~ression becomes restricted to the , L 

somatic, cardiac, and visceral muscle lin- 
eages. The conserved structure and DNA- 
binding activity of the D-MEF2 protein and 
the restricted expression of the D-mef2 gene 
to myogenic lineages of the Drosophila em- 

Fig. 1. Expression of D-MEF2 during embryogenesis. D-MEF2 protein was detected by immunostaining 
(34) of Drosophila embryos with an antibody to D-MEF2 (anti-D-MEF2) (35). (A) Lateral view of cellular 
blastoderm stage 6 embryo showing D-MEF2 expression in ventral furrow (4. (B) Lateral view of germ 
band-extended stage 8 embryo showing D-MEF2 expression throughout the mesoderm (m). (C) Lateral 
view of late germ band-extended stage 10 embryo showing D-MEF2 expression throughout the meso- 
derm, in heart precursors (indicated by arrowheads), and cephalic mesoderm (cm). (D) Lateral view of 
early germ band-retracting stage 12 embryo showing D-MEF2 expression in the somatopleura (so) and 
splanchnopleura (sp). (E) Dorsal view of stage 14 embryo showing D-MEF2 expression in hindgut (hg), 
visceral mesoderm (vm), and pharyngeal muscle (pm). At this stage, precursors of the dorsal vessel (dv) 
can be seen lying along both sides of the embryo. Somatic muscle cells are arranged laterally within each 
segment. (F) Dorsal view of stage 16 embryo at the time of dorsal closure. D-MEF2 expression can be 
seen throughout the somatic muscles and in the two rows of cardioblasts composing the dorsal vessel. 
(G) Lateral view of stage 16 embryo flattened to show D-MEF2 expression in nuclei of somatic muscu- 
lature (sm). (H) Lateral view of Df(2R)P544 homozygous embryo (stage 15). No specific staining above 
background is detected. 

bryo suggest that D-mef2 and the mamma- 
lian mef2 genes perform similar functions in 
muscle development. 

In vertebrates, MEFZ transcripts are 
present in all cell types, whereas MEFZ 
DNA-binding activity is largely restricted 
to muscle cells (2-4). To determine the 
cell types in which D-MEF2 might be 
functional, we stained Drosophila embryos 
with an antibody to D-MEF2. The D- 
MEFZ protein was first detected in meso- 
dermal cells within the ventral furrow at 
the cellular blastoderm stage (Fig. 1A). 
During germ band extension, D-MEF2 be- 
came expressed throughout the mesoderm 
and was absent from the overlying ecto- 
derm and the endoderm primordia (Fig. 
1B). A t  stage 11, the mesoderm separates 
to form the somatopleura and splanchno- 
pleura, which give rise to the somatic and 
visceral musculature, respectively (1 2). D- 
MEFZ was expressed in all of these muscle 
cell precursors at this stage, including the 
precardiac cells, which are derived from 
the dorsal-most two rows of mesodermal 
cells (Fig. 1, C and D). Subsequently, as 
the somatic and visceral muscle differen- 
tiated, D-MEF2 was expressed in all so- 
matic and pharyngeal muscle cell nuclei, 
as well as in visceral muscle of the fore-, 
mid-, and hindgut. D-MEF2 expression 
was also observed in the two rows of car- 
dioblasts within the dorsal vessel (Fig. 1, E 
to G). Within the somatic muscle, D- 
MEF2 expression exhibited a segmentally 
repeating pattern that demarcated the po- 
sitions of the ventral, pleural, and dorsal 
muscle cells (Fig. 1, F and G). As the 
mesoderm gave rise to different deriva- 
tives, D-MEF2 expression became restrict- 
ed to muscle cells, with no expression in 
other mesodermal structures, such as the 
fat body. We detected no somatic, viscer- 
al, or cardiac muscle cells that did not 
express D-MEF2 protein. Thus, the ex- 
pression of D-MEF2 protein parallels that 
of D-med mRNA and marks all of the 
muscle cell precursors and their descen- 
dants in the embwo. 

To initiate a genetic analysis of D-mef2, 
we isolated and characterized the D-mef2 
gene, which spans - 13.5 kb and contains 
eight exons (Fig. 2A). The ATG codon for 
translation initiation is located in exon 2, 
which is preceded by a 6-kb intron. Intron 
2 splits the MADS domain after codon 18, 
and intron 3 defines the end of the MEFZ 
domain (codon 86), which is also conserved 
among members of the MEFZ family. The 
positions of these two introns are conserved 
to the exact codons in the four mouse mej2 
genes (13). 

Because we planned to screen for null 
alleles of D-mef2, which could in principle 
arise from mutations in the coding or regu- 
latory regions of the gene, we tested wheth- 
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er the region immediately upstream of D- 
mef2 contained sequences sufficient to di- 
rect D-mef2 transcription in early meso- 
derm and in myogenic lineages. A 4-kb Eco 
RI fragment extending upstream from exon 
1 was inserted in front of a lac2 reporter 
gene, and the transgene was introduced into 
the Drosophila germ line by P-element 
transformation (14). This D-mef2 promoter 
fragment directed the expression of lac2 at a 
low level in the ventral mesoderm begin- 
ning at the late cellular blastoderm stage. 
Expression was then observed at high levels 
in somatic and visceral muscle cell precur- 
sors during germ band extension (Fig. 2, C 
and D) and throughout the differentiated 
somatic and visceral musculature by stage 
13-14 (Fig. 2, F and G). We did not detect 
D-mefZ-lac2 expression in the dorsal vessel. 
Thus, the regulatory elements required for 
visceral and somatic muscle expression are 
contained in the proximal 5' flanking re- 
gion of the gene, whereas elements for car- 
diac muscle expression are apparently locat- 
ed elsewhere. 

On the basis of the mesoderm- and mus- 
cle-specific pattern of expression, we antic- 
ipated that loss-of-function mutations in 
D-mef2 would result in embryonic lethality 
as a result of severe muscle defects. We 
therefore conducted a P-element insertion- 
al mutagenesis screen to identify potentially 
lethal D-mef2 mutant alleles. Before initi- 
ating the screen, the cytological location of 
D-mef2 was mapped to the 46C interval of 
the right arm of chromosome 2 (10). The 
proximal breakpoints of two overlapping 
deficiencies within the 46C region, 
Df(2R)Xl (15) and Df(ZR)e~e'.'~(16), were 
mapped relative to the location of D-mef2 
(1 7). The Df(2R)Xl deficiency breaks 
within the first intron of D-mef2 and ex- 
tends distally to the 46F interval upstream 
of the gene (Fig. 2A) (15). This mutation 
eliminated all detectable D-mef2 expression 
(18). The Df(ZR)et~e'.'~ deficiency extends 
from -16 kb 5' of D-mef2, leaving D-mej2 
expression unaffected. 

For the P-element mutagenesis screen, 
we used a homozygous viable P-element 
insertion line P[lArB]2487 (19) that carries 
a single P element integrated -25 kb 5' of 
the D-mej2 transcription initiation site (Fig. 
2A). Because P elements transpose at a 
higher frequency to nearby positions (20), 
we mobilized P2487 and screened for inser- 
tions that were lethal in trans to Df(2R)Xl 
(21). One lethal line, designated P544, was 
found to harbor a deletion that extended 
from the original P2487 insertion site to 
320-base pairs (bp) upstream of D-mef2 
(Fig. 2A). 

Complementation tests showed that the 
P544 mutation was embryonic lethal when 
homozygous or when hemizygous in trans to 
Df(ZR)Xl, whereas it was viable when hem- 

Fig. 2. Structure and expression of the D-mef2 gene. (A) Genomic clones spanning the D-mef2 gene 
were isolated, and the positions of exons were determined (1 7). All introns except intron 1 were 
sequenced in their entirety. Positions of restriction sites are shown: B, Bam HI; H, Hind I l l ;  P, Pst I;  and R, 
Eco RI. Coding and noncoding regions are indicated in black and white, respectively (36). The transcrip- 
tion initiation site, designated by a horizontal arrow above exon 1, was determined by primer extension 
and RNase protection (18). The position of P2487 insertion is indicated at the top, and the position to 
which the P element was mobilized is indicated by the arrow to the thick black line, which represents the 
promoter fragment used to create the D-mef2-lad reporter. The deleted regions of the Df(2R)X11 
Df(2R)e~e'.'~, and Df(2R)P544 alleles are shown at the bottom. Filled regions of the boxes denote the 
regions of the proximal breakpoints. The distal breakpoints of the Df(2R)Xl and Df(2R)e~el.'~ deletions 
extend beyond the genomic region shown (15). (B to G) Expression of a D-mef2-lad reporter gene 
during embryogenesis (14). (B) Lateral view of an early gastrula stage 5 embryo. (C) Lateral view of germ 
band-extended stage 9 embryo showing p-galactosidase expression throughout the presumptive me- 
soderm (m). (D) Lateral view of late germ band-extended stage 11 embryo. Somatopleura, so; splanch- 
nopleura, sp. (E) Lateral view of germ band-retracting stage 12 embryo. (F) Lateral view of stage 13 
embryo showing expression in pharyngeal muscle (pm) and somatic muscle (sm). (G) Dorsal view of stage 
14 embryo showing p-galactosidase expression in somatic muscle (sm) and visceral muscle (vm). 

izygous in trans to Df(2R)e~e'.'~. Because 
D-mef2 is expressed in embryos homozygous 
for the Df(2R)e~e'.'~ deficiency (18), we 
conclude that the -16-kb region of non- 
overlap between the Df(2R)e~e'.'~ and 
Df(2R)P544 deficiencies contains the regu- 
latory elements required for D-mef2 expres- 
sion. Within the region that was deleted by 
the P544 mutation, there are no known 
lethal complementation groups (15), which 

suggests that this deletion did not eliminate 
other essential genes. Moreover, embryos 
transheterozygous for Df(2R)P544 and a re- 
cently identified, severe, ethylmethane sul- 
fonate (EMS)-induced point mutant of D- 
mef2 show a muscle phenotype comparable 
with that seen in Df(2R)P544 homozygous 
embryos (22). 

The homozygous P544 mutation resulted 
in a loss of D-MEF2 protein (Fig. 1H) and 
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Fig. 3. Expression of MHC 
in wild-type and D-mef2 I E .  
mutant embryos. Myosin 
expression was detected 
by immunostaining of 
stage 1 6 embryos (34). (A 
and B) Lateral view. (C and 
D) Dorsal view. (E and F) 
Ventral view. The three 
constrictions that subdi- 
vide the midgut into four 
chambers (labeled 1 to 4) 
are shown with arrows in 
(E). Esophagus (es); dorsal 
vessel, dv; midgut, mg. 
(A), (C), and (E) are wild-type embryos. (B), (D), and (F) are P544 homozygous mutant embryos. 

mRNA (18) expression in embryos. The 
loss of expression of the D-mef2 gene in 
P544 mutant embryos suggests that impor- 
tant regulatory elements upstream of the 
proximal breakpoint of Df(2R)P544 at -320 
bp were deleted by the P-element mobiliza- 
tion. Because ex~ression of D-mef2 in the 
dorsal vessel was lost in P544 embryos, and 
the 3.4-kb 5' flanking region of D-mef2 did 
not direct expression in the dorsal vessel, 
we conclude that this expression depends 
on sequences upstream of -3.4 kb. 

To  determine the consequences of the 
P544 mutation on muscle gene expression, 
we analyzed embryos homozygous for 
Df(2R)P544 and transheterozygous for 
Df(2R)Xl and Df(2R)P544. Embryos of the 
two mutant genotypes showed comparable 
phenotypes. The P544 mutant embryos 
were readily identifiable by the apparent 
absence of anv somatic muscle and a severe- 
ly bloated midgut, which appeared to result 
from a lack of differentiated visceral muscle 
cells. As a marker for muscle formation, we 
stained embryos for myosin heavy chain 
(MHC) expression, which serves as a mark- 
er for the somatic muscle of the body wall, 
cardiac muscle of the dorsal vessel, and 
visceral muscle of the gut (23). There was 
virtually no MHC staining of the somatic 
muscles in mutant embryos (Fig. 3), nor was 
there anv evidence of mvoblast fusion. on 
the basis of staining with toluidine blue 
(1 8), which allows visualization of multinu- 
cleated myotubes (12). There was also no 
detectable expression of MHC in the cardi- 
ac cells of the dorsal vessel or in the visceral 
muscle-derived alary muscles that suspend 
the mature heart tube from the epidermis 
(Fig. 3). MHC expression was detected at a 
verv low level in a few striated visceral 
muscle cells that line the gut of mutant 
embryos. The only region of the mutant 
embryos in which MHC was expressed at 
significant levels was the esophagus, just 
anterior to the midgut (Fig. 3). Other mark- 
ers of muscle differentiation also were not 
expressed in the three myogenic lineages of 
mutant embryos, but they were expressed in 
the esophagus ( 18). 

The loss of MHC expression in D-mef2 
mutant embryos could be the result of an 
inability of m~oblasts to differentiate or the 
result of a block in commitment of meso- 
dermal progenitors to myogenic lineages. 
To distinguish between these possibilities, 
we examined the expression of several 
genes that mark uncommitted mesoderm 
and committed mesodermal progenitors of 
the three myogenic lineages. The Drosophiia 
fibroblast growth factor receptor (DFR1) 
marks all cells of the mesoderm destined to 
form muscle, as well as other mesodermal 
derivatives, and shows an expression pat- 
tern in the early mesoderm similar to that of 
D-mef2 (24). DFRl expression was normal 
in P544 mutant embryos (Fig. 4, A and B) 
and was refined to a subset of somatic mus- 
cle cell precursors normally. 

The homeobox gene tinman is coex- 
pressed with D-mef2 in the ventral meso- 
derm and subsequently becomes restricted 
to the dorsal vessel (25, 26). The expression 
of tinman in the early mesoderm and in the 
dorsal vessel was identical in wild-type and 
P544 embryos (Fig. 4, C and D). The P544 
mutation also had no effect on expression of 
bagpipe (Fig. 4, E and F), a homeobox gene 
expressed after tinman in the dorsal vessel as 
well as in segmental precursors of the vis- 
ceral muscle of the gut (26). . 

The extracellular matrix molecule fasci- 
clin-I11 (FAS-111) is expressed in visceral 
mesoderm that gives rise to the visceral 
muscles of the gut, which are arranged as 
two layers of mononucleated muscle cells 
that provide the force for peristaltic move- 
ments of digestion (27). In D-mef2 mutant 
embryos, FAS-I11 expression was normal 
(Fig. 4, G and H), and FAS-111-expressing 
cells migrated normally around the under- 
lying endoderm to form a completed midgut 
tube. However, the gut of the mutant em- 
bryos did not elongate and had a bloated 
appearance. The midgut normally contains 
three well-defined constrictions, which 
were still detectable in mutant embryos. 

Somatic muscle in Drosophiia is com- 
posed of multinucleate muscle fibers, orga- 
nized in a repeating pattern in each he- 

misegment (12). In mutant embryos, the 
somatic muscle cells remained unfused and 
did not express MHC (Fig. 3). The myo- 
genic bHLH gene nautiluslD-myd and the 
homeobox genes apterous and S59 are ex- 
pressed in distinct subsets of somatic muscle 
cell precursors in each hemisegment begin- 
ning at stage 11 (28-30). The expression 
patterns of nautilus, apterous, and S59 in 
muscle cell precursors were unaffected in 
D-mef2 mutant embryos (Fig. 4, I to M). At 
later stages. S59 ex~ression could be seen in - ,  

the syncytia of distinct groups of myotubes 
in normal embryos (Fig. 4M), whereas in 
mutant embryos S59-expressing cells re- 
mained in unorganized clusters in their 
original segmental pattern (Fig. 4N). 

Together, these results demonstrate that 
D-mef2 is essential for the differentiation of 
muscle cells from all three myogenic lineag- 
es in the Drosophiia embryo: somatic, cardi- 
ac, and visceral. In the absence of D-rn@ 
expression, muscle cell precursors are cor- 
rectly specified and positioned, but they are 
unable to express muscle structural genes. 
The   he no type of D-mef2 mutant embryos 
suggests that D-mef2 acts at a relatively late 
stage within different myogenic lineages to 
control differentiation. Given that MEF2- 
binding sites are found in the control re- 
gions of numerous muscle-specific genes in 
Drosophiia (18) and mammals (2, 5),  we 
propose that MEF2 factors are involved in 
the direct activation of muscle-specific 
genes during differentiation of these differ- 
ent muscle cell types. 

Our results begin to define the hierarchv - 
of regulatory genes leading from uncommit- 
ted mesoderm to the formation of differen- 
tiated muscle cells in the Drosophiia embryo. 
The genes tinman and D-mef2 are expressed 
concomitantly in the ventral mesoderm 
during embryogenesis ( 10, 1 1 ). Previously, 
we showed that D-mef2 was ex~ressed in 
tinman mutant embryos (JO), and here we 
show that tinman is expressed in D-mef2 
mutant embryos. Thus, tinman and D-mef2 
are expressed independently and perhaps 
respond to a common upstream regulator. 
The gene bagpipe, which was previously 
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shown to be regulated by tinman (26) ,  is also 
independent of D-mef2. Within the cardiac 
lineage, the function of D-mef2 contrasts 
with that of tinman. In tinman mutant em- 
bryos, the dorsal vessel fails to form (25,  
26), whereas in D-mef2 mutant embryos the 
dorsal vessel forms, but muscle structural 
genes are not expressed. A similiar case is 

found in the visceral muscles surrounding - 
the midgut. In tinman mutants, the visceral 
mesoderm does not form and the underlying 
endoderm fails to migrate to form a fused 
tube (25,  26). In D-mef2 mutants, midgut 
migration is normal; however, the gut is 
morphologically distorted, presumably be- 
cause of a lack of expression of muscle 

Fig. 4. Expression of mesodermal markers in wild-type and D-meQ mutant embryos. Expression of 
mesodermal markers was detected by immunostaining (34) or in situ hybridization (38) to wild-type (A, C, 
E, G, I ,  and K) and P544 mutant (B, D, F, H, J, and L) embryos. (Aand B) DFRl mRNAin stage 8 embryos 
(24); (C and D) tinman mRNA in stage 16 embryos (25); (E and F) bagpipe mRNA in stage 10 embryos 
(26); (G and H) FAS-Ill protein in stage 11 embryos (27); (I and J) nautilus mRNA in stage 14 embryos (28); 
(K and L) apterous mRNA in stage 14 embryos (29). (M and N) S59 mRNA in stage 14 embryos (34). 
Dorsal vessel, dv; mesoderm, m; visceral mesoderm, vm; visceral muscle precursors, vp. The arrow- 
heads in (K) through (N) point to subsets of somatic muscle cell precursors that express the genes 
apterous and S59, respectively. In (M), the expression of S59 protein can be seen in multinucleate 
myotubes, whereas in (N), only mononucleate cells are seen. 

structural proteins. It is intriguing that a 
subset of visceral muscle cells within the 
esophagus retained the ability to differenti- 
ate in the absence of D-MEF2 protein, 
which suggests the existence of an alternate 
pathway for muscle gene activation in these 
cells. In the somatic muscle lineage, nautilus 
and the homeobox genes apterous and S59 
are also expressed independently of D-mef2. 
Thus. the s~ecification of somatic muscle 
precursor cells in each hemisegment is not 
controlled by D-mef2, whereas the process 
of myoblast fusion is dependent on the ex- 
pression of D-mef2. The independence of 
nautilus expression of D-MEF2 appears to 
differ from certain of the vertebrate myo- 
genic bHLH genes, which have been shown 
to be regulated by MEF2 ( 5 ,  6 ) .  Whether 
nautilus is regulated bv D-MEF2 later in " 
development remains to be determined. 

Thus far, D-mef2 is the only example of 
a gene that controls differentiation in mul- 
tiple muscle cell types. The virtual absence 
of muscle gene expression in D-mefZ mu- 
tant embryos suggests that D-MEF2 estab- 
lishes a basic myogenic program that directs 
the expression of muscle-specific genes. 
However, because somatic, cardiac, and vis- 
ceral muscle cells are distinct, this MEF2- 
dependent regulatory program must be 
modified through the action of other factors 
to generate muscle cell diversity. 
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The Functional Significance of 
Arm Movements in Neonates 

A. L. H. van der Meer,* F. R. van der Weel, D. N. Lee 

Arm movements made by newborn babies are usually dismissed as unintentional, pur- 
poseless, or reflexive. Spontaneous arm-waving movements were recorded while new- 
borns lay supine facing to one side. They were allowed to see only the arm they were 
facing, only the opposite arm on a video monitor, or neither arm. Small forces pulled on 
their wristsin the direction of the toes. The babies opposed the perturbing force so as 
to keep an arm up and moving normally, but only when they could see the arm, either 
directly or on the video monitor. The findings indicate that newborns can purposely control 
their arm movements in the face of external forces and that development of visual control 
of arm movement is underway soon after birth. 

M o v i n g  a limb or the whole body in a 
controlled manner requires acting in con- 
junction with gravity and other external 
forces (1 ). This means that movements can- 
not be represented in any preprogrammed, 
context-insensitive way (2). Accurate con- 
trol requires on-line regulation of muscular 
activation on  the basis of perceptual infor- 
mation about the dynamics of the limb 
movement and the external force field, as 
well as about the movement of the limb 
relative to objects or surfaces to which it is 
being guided. Are neonates capable of such 
perceptuo-motor control, or are their move- 
ments to be seen as simply reflexive, show- 

ing no evidence of intentionalitv or control? - 
T o  test whether newborn babies between 

10 and 24 days take account of external 
gravitational forces in moving their limbs, 
we measured spontaneous arm-waving 
movements while the baby lay on its back 
with its head turned to one side (3). Free- 
hanging weights, attached to each wrist by 
strings passing over pulleys, pulled on the 
arms in the direction of the toes (Fie. 1A). . "  . 
The hand the baby was facing was called the 
ipsilateral hand; the opposite hand was 
called the contralateral hand (Fig. 1B). 

A typical recording of a newborn baby 
waving both arms with n o  weights attached 
is shown in Fig. 1C. The  seen ivsilateral - 

Perception in Actlon Laboratories, Department of Psy- hand shows much movements whereas the 
chology, University of Edinburgh, 7 George Square, ~ d -  unseen contralateral hand is predominantly 
inburgh EH8 9JZ, UK. stationary with only occasional movement. 
*To whom correspondence should be addressed. T o  test whether newborns need to see their 
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