
REFERENCES AND NOTES 

1. M. Morad and Y. Goldman, Prog. Biophyr. Mol. Biol. 
27, 257 (1973). 

2. W. Melzer, M. F. Schneider, B. J. Simon, G. Szucs, 
J .  Phyriol, (London) 373, 481 (1986). 

3. G. Brum, E. Stefani, E. Rios, Can .  J. Physiol. 
Pharmacol. 65, 681 (1987). 

4. A. L. Hodgkin and P. Horowicz, J .  Phyriol, (Lon- 
don) 153, 386 (1960); P. Heistracher and C. C. 
Hunt, ibid. 201, 589 (1969); C. Caputo and P. 
Fernandez de Bolanos, ibid. 289, 175 (1979). 

5. L. Kovacs and M. F. Schneider, Nature 265, 556 
(1977); S. Baylor and W. K. Chandler, in Biophysical 
Aspects o f  Cardiac Muscle, M. Morad, Ed. (Academic 
Press, New York, 1978), pp. 207-228. 

6. G. Cdewaert, L. Cleemann, M. Morad, Proc. h a l l .  
Acad. Sci. C1.S.A. 85, 2009 (1988). 

7. G. W. Beeler, Jr., and H.  Reuter, J Physiol. (Lon- 
don) 207, 211 (1970). 

8. B. London and J. W. Krueger, J. Gen .  Phyriol. 88, 
475 11986). 

9. J. ~Hyl ie  A d  M. Morad, J .  Physiol, (London) 357, 
267 (1984). 

10. B. P. Bean and E. Rios, Biophyr. J. 53, 158a (1988). 
11. M. B. Cannell, J. R. Berlin, W. J. Lederer, Science 

12. R. ~ i t r a  A d  M. Morad, A m .  J .  Physiol. 249, 
H1056 (1985). 

13. 0. P. Hamill, A. M q ,  E. Neher, B. Sakmann, F. J .  
Sigworth, Pjuegers Arch. 395, 6 (1981). 

14. Mvocvte shortening was measured bv uroiectina the 
&ag; of the cellwedge on a linear'256-elehent 
photodiode array. The position of the cell edge was 
determined at 4-ms intervals and converted into 
absolute changes in cell length. The output signal 
was filtered at 500 Hz. 

15. For measurement of intracellular Ca2+ transients, 
cells were loaded with fura-2 (pentapotassium salt) 
via the pipette. A mirror oscillating at 1.2 W z  was 
used as a mechanical light chopper for dual wave- 
length excitation at 330 and 410 nm. Fluorescence 
emission was measured at 510 nm. Details are given 
in (6). 

16. A. Konnerth, H .  D. Lux, M. Morad, J .  Physiol. 
(London) 386, 603 (1987). 

17. S. Mechmann and L. Pott, 'Vature 319, 597 (1986). 
18. P. Hess and R. W. Tsien, ibid. 309, 453 (1984). 
19. W. Almers, E. W. McCleskey, P. T .  Palade, J .  

Phyriol, (London) 353, 565 (1984). 
20. G. Pizarro, R. Fitts, E. Rios, Biophys. J .  53, 645a 

(1988). 

21. C. M. Armsuong, F. M. Bezanilla, P. Horowicz, 
Biochim. Biophys. Acla 267, 605 (1972). 

22. Y. Saeki, C. Kato, T .  Horikoshi, K. Yanagisawa, 
P'ugerr  Arch. 400, 235 (1984). 

23. Spectrophotometric measurements with 0.4 M 
hra-2 in a 0.5-mm cuvette showed that the Ba2+- 
induced change in the absorption spectrum is nearly 
identical to that induced by Ca2+ and the binding 
constant for Ba2+ is less than 50 pM. 

24. A 2-nA Ba2+ current flowing for the duration of a 
200-ms clamp pulse will add 2 fmol [2 nA x 0.21 
(2 x Faraday constant)] to an intracelldar volume 
of 20 pl (10 km X 20 pm x 100 pm), thereby 
changing the total intracelldar Ba2+ concentration 
by 2 fmoV20 pl or 100 pM. Thus Ba2+ will bind to a 
significant fraction of the troponin C and h a - 2  
molecules. 

25. G. Brum, E. Rios, E. Stefani, J. Phyriol. (London) 
398, 441 (1988). 

26. A. Fabiato, J .  Gen .  Physiol. 85, 189, 247 and 291 
(1985). 

27. Supported by NIH grants R01-HL16152 and R01- 
HL33720. M.N. was supported by the Deutsche 
Forschungsgemeinschaft. 

14 November 1988; accepted 1 March 1989 

Induction of Mesoderm by a Viral Oncogene in (animal caps) form only ectodermal tissue 
when cultured in isolation, but these same Early Xenopus Embryos cells will form mesodermal tissue when 

MALCOLM WHITMAN AND D. A. MELTON 

During frog embryogenesis, mesoderm is specified in the equatorial region of the early 
embryo by a signal from the vegetal hemisphere. Prospective ectodermal cells dissected 
from the animal hemisphere can be respecified to form mesodermal tissues by 
recombination with vegetal tissue or by treatment with any of  several polypeptide 
growth factors or growth factor-like molecules. Together with the discovery that 
several developmental mutations in Drosophila are in genes with significant homology 
to mammalian mitogens and oncogenes, these observations suggest that early develop- 
mental signals may use similar transduction pathways to mitogenic signals character- 
ized in cultured mammalian cells. Whether mesoderm can be induced by activation of 
intracellular signal transduction pathways implicated in mitogenesis and oncogenesis 
has been investigated with the viral oncogene polyoma middle T. Microinjection of  
middle T messenger RNA into early embryos results in the respecification of isolated 
prospective ectodermal tissue to form characteristic mesodermal structures. Middle T 
in frog blastomeres appears to associate with cellular activities similar to those 
observed in polyoma-transformed mouse cells, and transformation-defective middle T 

placed in contact with vegetal (endodermal) 
cells (1). Several polypeptide growth factors 
or growth factor-like molecules [fibroblast 

factor (FGF), transforming growth 
factor-P2 (TGF-P2), and XTC mesoderm- 
inducing factor (MIF)] have been identified 
that cGmimic the actibn of vegetal tissue in 

u 

the induction of mesoderm in animal caps 
(3-6). Although the role of these growth 
factor-like molecules in the natural induc- 
tive process has not yet been directly dem- 
onstrated, maternal transcripts encoding 
FGF and a TGF-P homologous peptide 
(Vgl) have been identified in early embryos 
(5, 7) .  These observations suggest that 
membrane-associated signal transduction 
mechanisms associated with the mitogenic 

u 

action of growth factors such as FGF may 
also be involved in early embryonic induc- 

mutants failto induce mesoderm. These results suggest that early inductive signals and tion. 
mitogenic and oncogenic stimuli may share common signal transduction pathways. Although pharmacological agents are 

available for the investigation of a few signal 

I NTERCELLULAR SIGNALS ARE IMPOR- normally forms from cells at the junction transduction pathways in Xenopus embryos, 
tant in establishing the fimdamental between the animal and vegetal hemispheres for example, 12-0-tetradecanoyl phorbol- 
body plan and controlling the forma- of the embryo (the marginal zone). Ex- 13-acetate (TPA) as an exogenous activator 

tion of organ systems during embryogene- planted cells from the animal hemisphere of protein kinase C (8) ,  microinjection of 
sis. These signals mediate early tissue-tissue 
interactions, called embryonic inductions, 
\vhich have been well defined in amphibians Table 1. Induction of mesoderm by middle T mRNA injection. Summary of mesoderm induction in 

isolated animal caps by microinjected middle T mRNA as distinguished by morphological elongation by explantation and of em- and histological identification of muscle and notochord. 
bryonic tissues (1, 2). The earliest of these 
interactions is the induction of mesoderm by 

Control Mutant 
an interaction between presumptive endo- Mected area middle T Wild-type 

(HzO) (NG59) middle T dermal and ectodermal tissues. Mesoderm 

Elongationiconstriction 31144 12%) 111152 17%) 571142 140%) ., 
Department of Biochemistry and Molecular Biology, 
Harvard University, 7 Divinity Avenue, Cambridge MA Muscle 
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mRNAs that encode regulatory proteins 
may provide a more specific and generally 
useful approach to the study of putative 
signaling mechanisms in early induction. By 
specifically activating or inhibiting potential 
regulatory proteins, it should be possible to 
assess whether the induction of mesoderm 
occurs through signaling pathways similar 
to those proposed to mediate growth fac- 
tor-stimulated mitogenesis in cultured fi- 
broblasts. ~ h e s e  poFential signaling path- 
ways include the activation of both tyrosine 
and serine protein kinases (9), membrane 
phospholipid metabolism, and nuclear 
proto-oncogene transcription (10). We have 
used the viral oncogene polyoma middle T 
as a probe to investigate whether rnanipula- 
tion of intracellular signals can trigger meso- 
dermal induction. 

Polyoma middle T is localized to the 
plasma membrane and associates with and 
activates the cellular tyrosine kinasc 
pp60c-S'C (11-13); it also forms a complex 
with an additional cellular tyrosine kinase, 
~ p 6 ~ ~ - ~ ~ ~  (13) and a cellular phosphatidyl- 
inositol (3) kinase [(PI(3) kinase] (14, lq. 
Nontranshrming mutants of middle T ace 
partially or completely defixtive in their 
association with these cellular enzymes, indi- 
cating that these associations may be neces- 
sary for the oncogenicity of polyoma middle 
T. However, this does not rule out the 
possibility that other as yet uncharacterizod 
cellular targets may be important in middle 
T function (13). To test the ability of middle 

Fig. 1. Mcsoderm forma- A 
tion in middle T-injected 
Xenopus embryos. (A) Elm- 
gation of animal caps. Ani- 
mal caps were dissarrd at 
blastula stage (stage 7.5 to 
8) from embryos injected at 
first cleavage in the animal- 

T to trigger mesodermal induction, we syn- 
thesized mRNA encoding wild-type middle 
T or a nontransforming middle T mutant 
(NG59) in vim and microinjected it into 
fertilized eggs at first cleavage. Injected em- 
bryos were allowed to develop to the early 
blastula stage (500 to 2000 cells) and animal 
caps were dissected and cultured in isolation 
for 48 hours. The induction of mesoderm in 
these animals caps was assessed by several 
criteria, including morphogenetic elonga- 
tion and the formation of the characteristic 
mesodermal derivatives notochord and mus- 
cle. 

Animal caps exposed to inducing poly- 
peptides such as MIF, FGF, and TGF-82 
undergo an elongation believed to reflect 
the cellular movements of convergent exten- 
sion associated with gastrulation in the in- 
tact embryo (16). Animal caps from embry- 
os injected with wild-type middle T, but not 
those injected with the transhrmation-de- 
fecrive mutant NG59, become distended 
and elongated in a manner similar to caps 
treated with FGF or TGF-82 (Fig. 1). When 
dissected animal caps were fixed, sectioned, 
and stained, those from embryos injected 
with wild-type middle T mRNA showed 
development of considerable internal struc- 
ture, including notochord and muscle (Fig. 
1). !kctiom of caps h m  embryos injected 
with mutant (NG59) middle T mRNA or 
water gave rise only to "atypical epidermis," 
although NG59 middle T-injected caps oc- 
casionally gave rise to large internal vacu- 

equatorial -region of the egg 
with water (I& panel), 10 
to 20 ng of mRNA encod- 
ing NG59 middle T (middle 
panel), or wild-type middle 
T (right panel). (B) G' ~emsa- 
stained histological sections 
of animal caps from embry- 
as injected with water (left 
panel), NG59 middle T CG' 
kNA (center panel), or 
wild-type middle T RNA 
(right panel). Arrows indi- _ . 
a t e  musde (MUS), noto- 
chord (NOT), cement gland ->. 
(CG), and a differentiated 
tubular structure that may 
be neural or pronephric . ... * (TUB). (C) I ~ m ~ n o h i s -  .- 1 - 
tuchemical identification of .$- 'MUS 

musde in animal caps sec- 
tions. Sections of caps pre- 
pared from embryos injected with water (left panel), NG59 middle T (middle panel), or wild-type 
middle T (right panel) were stained with a muscle antigen specific antibody (12101) and alkaline 
phosphataecoupled second antibody. Arrow indicates Large block of musde (mus). 

Fig. 2 Muscle actin mRNA induction in animal 
caps. Total RNA was m c t c d  from animal caps 
prepared from embryos i n j d  with synthetic 
mRNAs as described below. Total animal cap 
(four caps per lane) or intact embryo (one embryo 
per lane) RNA was extracted 40 hours after 
f e t i o n  for a Northern blot and probed with 
a musde actin-antisense RNA transcript. Musde 
actin is indicated with an arrow (mus), and the 
higher band corresponds to cytoskeletal actin 
(cyt). Lane 1, H 2 0 - i n j d ;  lane 2, mutant mid- 
dle T NG59-injected, lane 3, mutant middle T 
DU3-injected, lane 4, wild-type middle T-in- 
j d ,  lane 5, intact neurula (stage 22) embryo. 

ole. Neither wild-type nor NG59 middle T 
significantly affected the rate of division or 
final number of blastomem at the time of 
dissection. A decrease in the division rate of 
blastomeres near the site of injection of 
wild-type middle T mRNA is occasionally 
observed. 

The histological identification of blocks of 
muscle caps h m  middle T-injected embry- 
os was codinned by immunohistochemistry 
with a muscle-specific antibody (Ab 12101) 
(17). Blocks of muscle were observed in 
animal caps h m  embryos injected with 
wild-type middle T mRNA, but not in caps 
h m  embryos injected with NG59 middle T 
mRNA or water. Muscle was always ob- 
served to arise in single large blocks rather 
than multiple patches, suggesting either a 
localized cooperative &kt in the differenti- 
ation of muscle tissue or d i k n t i a l  migca- 
tion and adhesion of presumptive musde 
cells. 

During normal embryogenesis, muscle ac- 
tin RNA is transcribed specifically in the 
somites and is ofien used as an early molecu- 
lar marker for mesodermal induction (2). 
The injection of wild-type middle T 
mRNAs induced musde actin transcripts, 
whereas NG59 and another nontransform- 
ing middle T mutant, DL23, did not, even 
at high injection doses (20 ng per embryo) 
(Fig. 2). We have also found that as little as 
2 to 5 ng of middle T mRNA can induce 
detectable mesoderm. Induction of muscle 
mRNA by wild-type middle T was, howev- 
er, weaker than is observed in untreated 
whole embryos of a comparable stage. This 
is true even when middle T mRNA was 
injected at the maximal nontoxic dose (25 
"g Per embryo). 

The data on induction of mesoderm by 
middle T mRNA injeaion is summarized in 
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Table 1. Approximately 40% of animal caps 
from wild-type middle T &A-injected 
embryos showed significant elongation; 
16% showed detectable notochord and 3 1 % 
showed blocks of muscle tissue. Although 
animal caps injected with NG59 middle T 
mRNA showed more elongation than wa- 
ter-injected controls, neither muscle nor no- 
tochord were detected in caps from NG59 
mRNA-injected embryos. In no RNA in- 
jection experiment did induction of detect- 
able mesodermal strucnves exceed 70%. 
This is in marked contrast to treatment of 
animal caps with saturating doses of FGF or 
MIF proteins, which reproducibly produce 
mesodermal tissue in 90 to 100% of induced 
caps (3, 4). It is possible that this reflects a 
limitation of the mRNA microinjection pro- 
cedure; microinjection of total polyadenylat- 
ed mRNAs from Xetmus ovaries or XTC 
tissue culture cells a l k  induces mesoderm 
with an 6ciency betwesn 50 and 75% (18). 
In separate experiments with 35S-labeled 
RNA, we have observed that mRNA inject- 
ed at the one-cell stage is distributed to all 
daughter blastomeres at the 32- to 256-cell 
stage (19). 

Middle Tassociated kinase activity was 
detectable in immunoprccipates from both 
elongated and nonelongated animal caps, 
but two- to threetbld more activity was 
present in elongated caps than in nonelon- 
gated caps (20). It is therefore possible that 
in some cam the level of active middle T 
protein fi6 to achieve a threshold necessary 
tbr induction. 

The use of a viral oncogene to study 
inaacellular signaling in mesodermal induc- 
tion is predicated on the assumption that 
thii oncogene activates the same signaling 
pathways in Xenopus blastomeres that are 
activated during transformation of murine 
fibroblasts. The inability of nontransform- 
ing mutants of middle T to induce meso- 
derm indicates that similar biochemical 
functions are required for the transtbnning 
and the mesoderm-inducing hct ions of 
middle T. As discussed above, middle T is 
believed to transform fibroblasts at least in 
part via its interaction with p v F E  and 
PI(3) kinase. We therefore investigated 
whether middle T associates with these same 
putative mediators in Xenopus blastomeres 
(Fig. 3). 

Middle Tassociated tyrosine kinase activ- 
ity can be conveniently assayed in antibody 
to T immunoprecipitates with middle T 
itself as a subsaate (21). Middle T &A 
was injected into f i r t i l i d  eggs as described 
above, and embryos were allowed to devel- 
op to the blastula stage. The embryos were 
then lysed, and middle T was immunopreci- 
pitated with an anti-T polyclonal antibody. 
This immunoprecipitatc was incubated for 

10 min with 1 pJ4 32P-labeled adenosine tri- 
phosphate (ATP) and 10 mM MnC12, and 
the products were analyzed by SDSgel 
electrophoresis. A major 56- to 58-kD pro- 
tein that comigrated with middle T was 
observed to be phosphorylated in immuno- 
precipitates fit& wild-* middle T-inject- 
ed embryos, but not NG59 middle T-inject- 
ed embryos. No incorporation of phosphate 
into this band was observed when ~reim- 
munc serum was used instcad of lanti-T 
antibody. More than 80% of the phosphate 
incorporated into wild-type middle T was 
bud to be phosphoty&ine upon phos- 
phoamino acid analysis (20). Middle T- 
associated tyrosine kinase activity was also 
immuno~&i~itated h m  disseked animal 
caps a& w& detectable 24 hours after 
mRNA injection (20). 

When parallel immunopcecipitates were 
assayed in the presence of phosphatidylino- 
sitol (PI) (200 pgtml) and 32P-labeled ATP 
10 LLM and the reaction ~roducts were 
extActed and an- by &-layer chro- 
matography (TLC) (14, 15), 32P-labeled 
product comigrating with phosphatidylino- 
sitol (3)phosphate [PI(3)P] was observed in 
anti-T immunopcecipitates from embryos 
injected with wild-type middle T. No 
PI(3)P was observed in immunoprecipitates - - 

made with preimmune serum or from 
NG5Pinjected embtyos. Taken together the 
results indicate that wild-type middle T, but 

not a nontransfbrming middle T mutant, 
associates with the same cellular effectors in 
early Xenopus embryos as have been pro- 
posed as critical elements of its mitogenic 
and oncogenic functions (Fig. 3). Microin- 
jection of mRNA encoding a constitutively 
activated chicken pp60C-S'C mutant (22) does 
not appear to be d c i e n t  to induce meso- 
derm (20), suggesting that activation of 
other cellular effectors may be necessary for 
mesodermal induction. 

'Ihe proposal that a fibroblast mitogen, 
FGF, may constitute at least one component 
of the natural d e r m a l  inductive signal 
has raised the question of whether inaacel- 
lular signal transduction pathways associat- 
ed with mitogenesis ace involved in the 
mediation of embryonic inductive signals (4, 
5). Our data support this idea and demon- 
strate that microinjection of cloned mRNAs 
for regulators of putative signaling pathways 
may be a useful tool in addressing this 
question. Several oncogenes have previously 
been demonstrated to cause the appearance 
of differentiated characteristics on introduc- 
tion into transformed cell lines (23) but our 
data indicate that an oncogene can shift 
embryonic cells from one developmental 
pathway ( d e r m )  to another (meso- 
derm). Whether the specification of cell fates 
in early development is a normal hc t ion  of 
allular oncogenes requires M e r  study. 

These observations raise a number of 

Fig. 3. Protein and PI ki- A B 
nase activities in middle T 
immunoprecipitatcs. Em- 
bryos wcre injected with 
middk T mRNA at first 
clcavagc and grown to stage 
7, lysed, and immunopreci- 
pitated with anti-T antibody 
in ackmwlcdgcmcnts. For 
determination of embryonic 
protein immunoprccipita- 
tion, mRNA-injected em- 
btyos werc reinjected with 
0.5 mCi of 35S-labekd me- 
thionine at morula stagc 3 
m4andaUowedmincorpo- 
rate label until blastula stagc 1 
7. Immunopmipitates were 
then assayed in v i m  for 
protein or PI kinasc activi- -PIP 
ties as previously described 
(14,21). (A) Protein immu- 
noprecipitation from inject- 
cd embtyos. Immunopreti- 
pitations were prepared 
with an anti-T polydonal 
antibody from embryos la- 

( 
beled with [35S]mcthioninc 
and injected with H20 (lane 2 3 4 
l), NG59 middle T mRNA 
(lane 2), or wild-type mid- 
dle T (lane 3). (B and C) Immunopmipitatcs prepared with nonimmunc (lanc 1) or anti-T sera from 
embryos i n j d  with H@ (Lane 2), NG59 mT RNA (lane 3), or wild-typc middle T (lanes 1 and 4) 
wcre assayed fbr protein kinasc (B) or PI(3) kinase (C) activities. Arrow in (B) indicates phosphorylatcd 
middle T, a 58-kD protein, arrow in (C) indicates phosphatidylinositol phosphate (PIP). 
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necessarv: the microiniection of mRNAs 14. M. Whitman et al., h'ature 315, 239 (1985). questions. The first is whether there are 
multiple components to the mesodermal 
inductive signal. Slack et al.  (4) found that 
bovine FGF induces predominantly ventro- 
lateral mesodermal tissues such as blood, 
mesenchyme, and muscle, but only very 
rarely induces notochord, the most charac- 
teristic dorsal mesodermal structure. In con- 
trast, Smith (3) found that the Xenopus MIF 
commonly induces both muscle and noto- 
chord. We observed induction of muscle 
and, at lower frequency, notochord by mid- 
dle T.  Whether these differences simply re- 
flect the relative strengths of the inducing 
signals generated by FGF, MIF, and middle 
T or the generation of a distinct "dorsaliz- 
ing" signal remains to be determined. 

A second question is whether activation 
of any of a number of distinct mitogenic and 
oncogenic signaling pathways is sufficient to 
induce mesoderm. Although Slack et al .  (4) 
found that FGF and embryonal carcinoma- 
derived growth factor (ECDGF) were the 
only peptide mitogen among many tested to 
induce mesoderm, it is not known whether 
this specificity is determined by receptor 
expression or the activation of an FGF- 
specific intracellular signaling pathway. Al- 
though there is evidence that the fibroblast 
mitogen platelet-derived growth factor 
(PDGF) may activate similar signaling path- 
ways to those activated by middle T (21, 24) )  
there is no direct evidence that FGF shares 
these same signaling pathways. FGF does, 
however, appear to elevate cellular diacylgly- 
cerol (25) and to increase cellular tyrosine 
phosphorylation (26)) suggesting that FGF- 
and middle T-activated signal transduction 
pathways may overlap. 1n;oduction of 0th. 
er oncogenes (for example, p2lras) or 
growth factor receptors (for example, 
PDGF receptor) may clarify whether the 
rnesodermafdifferentiative program is acti- 
vated by a single, specific intracellular signal 
or by any of a number of mitogen-stimulat- 
ed mediators. 

The third question is whether the intracel- 
lular signaling pathway (or pathways) is 
actually activated during the natural induc- 
tive process. The observation that middle T 
can activate mesodermal differentiation does 
not in itself demonstrate that natural meso- 
dermal induction is mediated by any of the 
known middle T targets (for example, 
pp60C-SrC, pp62C-YeS, and PI(3) kinase). Fur- 
thermore, it does not address the question 
of how many different types of endogenous 
or artificial signals may be capable of induc- 
ing mesoderm. It does, however, indicate 

w 

cellular regulatory proteins that may be in- 
vestigated as potential mediators of natural 
inductive signals. Further work to clarifv the 

w 

number and specificity of possible intracel- 
lular messengers of mesodermal induction is 

I ' 
encoding putative regulators should prove 
useful in addressing these points. 
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Global Sea Level Rise and the Greenhouse Effect: 
Might They Be Connected? 

Secular sea level trends extracted from tide gauge records of appropriately long 
duration demonstrate that global sea level may be rising at a rate in excess of 1 
millimeter per year. However, because global coverage of the oceans by the tide gauge 
network is highly nonuniform and the tide gauge data reveal considerable spatial 
variability, there has been a well-founded reluctance to interpret the observed secular 
sea level rise as representing a signal of global scale that might be related to the 
greenhouse effect. When the tide gauge data are filtered so as to remove the 
contribution of ongoing glacial isostatic adjustment to the local sea level trend at each 
location, then the individual tide gauge records reveal sharply reduced geographic 
scatter and suggest that there is a globally coherent signal of strength 2.4 k 0.90 
millimeters per year that is active in the system. This signal could constitute an 
indication of global climate warming. 

D URING THE PAST CENTURY, SEA 

level, as recorded on tide gauges 
situated at stations around the 

world, has apparently risen by 10 to 20 cm, 
no more than 25% of which may apparently 
be attributed to the steric effect of thermal 
expansion of the oceans (1-3). The domi- 
nant cause of rising sea levels must therefore 
be the increase of the mass of water in the 
global oceans, most probably due to melting 
of land-based ice sheets and glaciers (4). 
Because general circulation model simula- 
tions have shown that the climatic warming 
expected from increasing atmospheric loads 
of COz and other greenhouse gases is 
strongly focused in polar latitudes [for ex- 
ample (5)], obsenrations of rising sea level 
have been construed as a first indication of 
this climatic change (1, 2). 

A serious impediment to acceptance of 
this interpretation has been that the ob- 

served rates of sea level rise exhibit such 
large geographic variability (the standard 
deviation is as large as the mean) as to 
seriously question the hypothesis that they 
reveal any globally coherent signal. The 
problem is especially acute because the cov- 
erage of the southern oceans with gauges of 
sufficient seniority is poor. In this report we 
demonstrate that when the tide gauge data 
are corrected for contamination due to the 
ongoing influence of glacial isostatic adjust- 
ment, the global pattern thereby revealed 
does have high spatial coherence. 

The process of glacial isostatic adjustment 
continues to substantially influence the re- 
cord of relative sea level (RSL) change, even 
though the last major deglaciation event was 
complete more than 6000 years ago, because 
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