nel agonist that elevates I, by a cAMP-
independent mechanism (14), is illustrated
in Fig. 2C. This compound was ‘applied
extracellularly during the periods marked
“$” in Fig. 2C, and [Mg®*]; was varied as
indicated. Although the effect of (+)202-
791 on Ic, decreased somewhat when
[Mg?*]; was increased from 0.3 mM to 3.0
mM, the decrease was not nearly as large as
the decrease that occurred when I, was
elevated by 3 wM cAMP in the same cell. In
nine cells Ic, elevated by (+)202-791 in the
presence of 0.3 mM [Mg*']; was
32 + 3.7% larger than I¢, in the presence of
3.0 mM [Mg**); (Table 1).

The fact that [Mg?*]; has a small effect on
basal I, and on I, elevated by (+)202-791
suggests that Mg?* may bind to the channel
to alter channel gating, but that the Mg®*
effect is more pronounced when the channel
is phosphorylated. Evidence in support of
this suggestion is that the kinetics (primarily
the activation kinetics) of Ic, are different in
different [Mg?*]; (Fig. 2D). Alternatively,
[Mg?*]; may regulate protein phosphatase
activity. Some phosphatases, particularly
protein phosphatase 2C, are known to be
regulated by [Mg?*] in this range (15).

It is likely that [Mg?*]; is regulated phys-
iologically because [Mg?*]; is far from ther-
modynamic equilibrium in cells, and its con-
centration changes under a variety of phys-
iological conditions (8, 11). For this reason,
we propose that [Mg?*]; may play a role in
the physiological regulation of Ic,. Further-
more, the inhibitory effect of [Mg?*]; on I,
could explain some of the pathological ef-
fects of magnesium deficiency in the heart
(16). When processes that maintain low
[Ca®*); are decreased (for example, during
ischemia), increases in I, produced by loss
of [Mg?*]; could contribute to calcium
overload and myocardial damage (17).
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A Fossil Reptile Embryo from the Middle Triassic

of the Alps

P. MARTIN SANDER

The first nothosaur (Neusticosaurus sp.) embryo, one of the very few fossil embryos
known, provides a rare glimpse at reproduction in extinct reptiles. The specimen from
the southern Alpine Middle Triassic (about 230 million years ago) was recognized as
an embryo in comparison with an exceptionally large and well-understood sample of
juvenile and sexed adult Neusticosaurus sp. The skeleton shows many embryonic
features and may well be the smallest fossil reptile known (body length 51 millime-
ters). It reached only 22% of mean adult length whereas modern reptiles of this size do
not hatch before they reach about 30% of mean adult length. The question of ovipary
versus vivipary in pachypleurosaurs is discussed in light of the embryo.

HE ONLY FOSSIL REPTILE EMBRYOS
described until now were those of
ichthyosaurs (I); dinosaur embryos
in eggs have recently been found (2) but are
not yet described. I report the first well-
preserved nonichthyosaurian reptile embryo
(Fig. 1) of the small pachypleurosaurid
nothosaur Neusticosanrus sp. (3) from the
famous Anisian and Ladinian (Middle Trias-
sic, about 230 million years old) Monte San
Giorgio bituminous shales (4, 5) of south-
ern Switzerland and northern Italy. The
specimen possibly is the smallest skeleton of
an extinct reptile ever discovered and under-
scores the exceptional nature of this locality.
Its importance is appreciated best in view of
how little is known about reproduction in
fossil reptiles. Eggs are only known from a
few groups such as dinosaurs and turtles (6,
7), and embryos only from ichthyosaurs and
now pachypleurosaurs.
Neusticosaurus is the most abundant fossil
reptile from this locality; about 800 speci-

mens are at the Paleontological Institute and
Museum of the University of Zurich (PI-
MUZ). The mostly complete skeletons be-
long to two species that are clearly separated
stratigraphically. Newusticosaurns sp. was a
small (adult overall body length 230 to 370
mm), lizard-like inhabitant of warm, shal-
low coastal waters (5). In pachypleurosaur-
ids, aquatic adaptation had not progressed
as far as in plesiosaurs and ichthyosaurs, and
the animals clearly were still able to leave the
water (3).

Of the 97 prepared skeletons of Neustico-
saurus sp., 24 are juveniles and furnish a
complete growth series (Figs. 2 and 3). This
large sample made sexing (sex A and B) and
recognition of sexual maturity possible. The
very homogeneous sample comes from a
narrow stratigraphic interval and is treated
as representing a single population. The

Paliontologisches Institut und Museum, Universitit Zii-
rich, Kiinstlergasse 16, CH-8006 Zurich, Switzerland.
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Fig. 1. Embryo of Neusticosaurus sp., PIMUZ T 3705: (A) photograph of
skeleton; (B) drawing of skeleton. Abbreviations for bones: c, carpal; F,

smallest specimen (PIMUZ T 3705, Fig. 1)
is an embryo a few stages before hatching.
Two independent lines of evidence support
this conclusion: the morphology of the spec-
imen and its absolute and relative size.
Neusticosaurus skeletons are always pre-
served in dorsoventral view, with two excep-
tions: PIMUZ T 3705 and PIMUZ T 3396
(adult) which lie on their sides. PIMUZ T
3705 (Fig. 1) is curled up with the head
close to the tail, a unique pose for Neustico-
saurus but a typical position for vertebrate
embryos. The skull is of relatively enormous
size, 76% of trunk length (glenoid-acetabu-
lum distance) with very large orbits. This
value is only 40 to 50% in adults (Fig. 2). In
the poorly ossified skull, the frontal bones
are unfused and disarticulated. They are
fused in the adult. Only a few teeth are
present. The entire vertebral column, but
especially the neck, is compressed antero-
posteriorly with very short but high verte-
brae. Only two-thirds of the tail vertebrae
and only five (of eight) caudal ribs are
present. The tail reaches only 170% of trunk
length, whereas the tail in juveniles reaches
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Fig. 2. Growth series
of three skeletons of
Neusticosaurus sp.
drawn to the same
body length. PIMUZ
T 3705 is the embryo,
PIMUZ T 3408 is a
small juvenile, and PI-
MUZT 3393 is a large
adult of sex B. Note
relative size of skull
and relative humerus
and tail length. Scale
bars, 1 cm each.

)

femur; f, frontal; ft, foot; g, gastralia; H, humerus; m, metacarpal; P, pubis;
s, scapula; and Sa, sacral vertebrae. Scale bar, 5 mm.
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Fig. 3. Growth series
of selected bones of
Neusticosaurus  sp. in
ventral view. PIMUZ
T 3705 is the embryo,
PIMUZ T 3789, PI-
MUZ T 4290, and PI-
MUZT 3389 are juve-
niles, whereas PIMUZ
T 3403 is a small adult
of sex B. All bones are
from the right side of
the body with the ex-
ception of the scapula
of PIMUZ T 3789 and
the femur of PIMUZ
T 4290. Note the
shape differences in the
scapulae and the pro-
portional  differences
between the humeri
and femora. Scale bar,
5 mm.

about 190% and that of adults 200 to 220%
of trunk length (Fig. 2). In the shoulder
girdle, the interclavicle is not yet ossified,
and the scapulae differ greatly in shape from
the adult (Fig. 3) as do the bones in the
pelvic girdle. Humerus and femur (Fig. 3)
are featureless rods with slightly expanded,
poorly ossified terminations. The humerus
is much shorter than the femur; 75% of the
femur instead of 110% in adults of sex A or
130% in adults of sex B (Figs. 2 and 3). The
manus is unossified except for one carpal
and one metacarpal bone. The foot shows
no tarsals but some metatarsals and possible
proximal phalanges. Surprisingly for the
poor ossification of the skeleton, the gastra-
lia are fully developed.
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The second smallest specimen (PIMUZ T
3789, body length 94 mm) is a hatchling
which is ossified close to the adult level, only
the proportions are juvenile (Fig. 3). This is
the condition observed in the (rare) fossil
(8) and modern reptile hatchlings (9).

Studies about hatchling to adult size ra-
tios in modern lizards and crocodilians by
Currie and Carroll (10), and in all modern
reptiles except Sphenodon by Andrews (11),
can be used to predict the overall body
length (10) or snout-vent length (11) of
hatchlings. The hatchling-adult ratio for
Sphenodon (12) is consistent with the predic-
tions and data of both Currie and Carroll
(10) and Andrews (11). The results can as
well be applied to extinct reptiles of small to

moderate size assuming they had the same
level of metabolism as modern forms (10).
Only the lizard, snake, and crocodile data
were used because the turtle Bauplan is too
different from the pachypleurosaurid pro-
portions.

The mean adult body length of Newustico-
saurus sp. is 240 mm, and the mean adult
snout-vent length is 155 mm. The Currie
and Carroll (10) formula predicts a hatch-
ling of 71-mm overall body length (29% of
adult body size). Specimen T 3705 is 51
mm long (21% of adult). Andrews’ (11)
data predict a hatchling snout-vent length of
48 mm (31% of adult) based on lizards, 59
mm (39% of adult) based on snakes, or 72
mm (46% of adult) based on crocodilians.
The snout-vent length of T 3705 is 34 mm
(22% of adult). The embryo therefore
reached only about two-thirds of hatchling
size before death.

It is unclear if pachypleurosaurs were live-
bearing or egg-laying. Ovipary (hatching
from an egg) is supported by two lines of
circumstantial evidence. First, despite the
great wealth of sexed pachypleurosaurid ma-
terial, no gravid female has ever been found,
unlike in Mixosaurus, a primitive ichthyo-
saur from the same locality. The embryo was
not associated with any other skeleton. Sec-
ond, pachypleurosaurids could venture on
land (3) and were therefore not limited to
vivipary as were the most highly adapted
marine reptiles, ichthyosaurs (1), and possi-
bly mosasaurs (13). Today, even such highly
aquatic animals as marine turtles still retain
the egg-laying habit.

On the other hand, vivipary (live birth),
that is, interpretation of the specimen as an
aborted embryo, is supported by the sedi-
ments that are fully marine and suggest a
coast several kilometers away. It is not clear
how a well-incubated amniote egg, which
must have been laid on dry land, could have
been transported so far out into the sea.
However, paleogeography of the Monte
San Giorgio in Early Ladinian times remains
poorly understood.

The curled position of the embryo and the
lack of eggshell remains are ambiguous evi-
dence. A calcified or uncalcified eggshell had
a small preservation potential in the bitumi-
nous shales of Monte San Giorgio. Even
though bone preservation is good, soft part
preservation is extremely rare as are calcare-
ous invertebrate fossils.
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Mesoderm Induction in Amphibians: The Role of

TGF-B2—-Like Factors

FrEDERIC RosA, ANITA B. ROBERTS, DAVID DANIELPOUR,
LiNDA L. DART, MICHAEL B. SPORN, IGOR B. DAWID

Mesoderm induction in the amphibian embryo can be studied by exposing animal
region explants (destined to become ectoderm) to appropriate stimuli and assaying the
appearance of mesodermal products like «-actin messenger RNA. Transforming
growth factor B2 (TGF-B2), but not TGF-B1, was active in a-actin induction, while
addition of fibroblast growth factor had a small synergistic effect. Medium conditioned
by Xenopus XTC cells (XTC-CM), known to have powerful mesoderm-inducing
activity, was shown to contain TGF-B-like activity as measured by a radioreceptor
binding assay, colony formation in NRK cells, and growth inhibition in CCL64 cells.
The activity of XTC-CM in mesoderm induction and in growth inhibition of CCL64
cells was inhibited partially by antibodies to TGF-$2 but not by antibodies to TGF-$1.
Thus, a TGF-B2-like molecule may be involved in mesoderm induction.

cal to the elaboration of the body plan

of all vertebrate embryos, as studied
most extensively in amphibians. The earliest
known induction concerns the establish-
ment of the mesoderm (1). In normal em-
bryogenesis the mesoderm develops mostly
from cells that occupy a torus around the
equator of the blastula, while cells from the
animal hemisphere (“animal caps”) primari-
ly generate ectodermal derivatives (I, 2).
Only ectodermal differentiation occurs after
culture of animal caps derived from blastu-
lae; mesodermal derivatives arise when ani-
mal caps are cultured in contact with vegetal
tissue, implying an inductive interaction in
mesoderm differentiation (I). Such interac-
tions almost certainly also occur in normal
embryogenesis (3, 4).

As shown by Smith (5) medium condi-
tioned by the Xenopus XTC cell line (XTC-
CM) is able to induce animal caps to form
various mesodermal derivatives including
muscle. Subsequently, Slack et al. (6) report-
ed that fibroblast growth factor (FGF) has
inducing activity, yielding various products

l NDUCTIVE INTERACTIONS ARE CRITI-
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including muscle (a dorsal mesodermal tis-
sue), but primarily inducing ventral meso-
derm, such as blood cells. Kimelman and
Kirschner (7) reported that transforming
growth factor B (TGF-B) potentiates the
effect of FGF in inducing a-actin (indicating
formation of muscle tissue).

TGF-B is known to occur in two related
forms (8, 9). To further study the relation-
ship of these factors to mesoderm induction
we incubated animal explants from Xenopus
laevis blastula embryos in medium contain-
ing TGF-B1 or TGF-B2 (10). TGF-B2 was
found to induce mesoderm according to the
following two criteria. In the presence of
TGF-B2, animal explants formed clongated
structures (Fig. 1A) reminiscent of mesoder-
mal derivatives of the marginal zone and
similar to those obtained with the meso-
derm-inducing XTC-CM (Fig. 1B) (5). Fur-
ther, TGF-B2 induced the expression of a-
actin messenger RNA (mRNA) in the ex-
plants (Fig. 2A). During Xenopus embryo-
genesis, muscle-specific a-actin - mRNA
accumulates exclusively in the somites from
stage 13 to 14 onward, providing the earli-
est known molecular marker for the differ-
entiation of muscle (11). The lowest concen-
tration of TGF-B2 that induced detectable
a-actin mRNA varied from 3 to 12 ng/ml in
different experiments; mRNA levels contin-
ued to increase until the TGF-B2 concentra-
tion was raised to about 200 ng/ml. The

maximal level of a-actin mRNA induced by
TGF-B2 was significantly lower than that
found in heat- or acid-activated XTC-CM-
treated animal explants (Fig. 2A). In agree-
ment with other reports (6, 7), we found
that TGF-B1 did not exhibit detectable me-
soderm-inducing activity (Fig. 2A).

FGF exhibits weak muscle inducing activ-
ity (6), and it has been reported that this
activity is potentiated by TGF-B (7). We
tested a-actin induction by combinations of
FGF with TGF-B1 or TGF-B2. TGF-B2
and FGF induced a-actin mRNA effectively,
but the maximal level of mRNA obtained
was the same as with TGF-B2 alone; the
only effect of combining the two factors was
a shift in the TGF-B2 dose response (Fig.
2B). In contrast, a moderate and somewhat
variable enhancement was seen in the inter-
action between FGF and TGF-B1: the com-
bination of these factors led to between two
and three times higher a-actin induction
than FGF alone, while TGF-B1 alone had
no effect (Fig. 2, A and B).

Since XTC-CM (5) is a homologous ma-
terial and has the highest inducing ability in
these experiments, we wished to test wheth-
er the activity in XTC-CM and TGF-B2
(Figs. 1 and 2) might be related. Two
approaches were taken. First, XTC-CM was
assayed for TGF-B-like activity by several
different methods; these assays do not differ-
entiate between TGF-B1 and -B2 . Second,
polyclonal  blocking antibodies specific
against TGF-B1 or -B2 were tested for their
ability to inhibit both the TGF-B-like activi-
ty as well as the mesoderm-inducing activity
of XTC-CM.

By means of a competitive radioreceptor
binding assay (12), it could be shown that
XTC-CM competed weakly for the binding
of '»I-labeled TGF-B1 (Fig. 3A). Pretreat-
ment of XTC-CM with acid, a treatment
known to activate latent TGF-8 (13), result-
ed in a ninefold enhancement of the compet-
ing activity of XTC-CM; acid-treated XTC-
CM was estimated to contain 220 pAM (5 ng/
ml) TGF-B activity, by comparison to the
standard (Fig. 3A). Although purified TGF-
B is intrinsically active, TGF-B secreted by
many different human or rodent cell lines is
in a latent form which is unable to bind to
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