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Figure 1 Decline in average global temperature over the past 80 million years of Earth’s history.
This global temperature curve is inferred from deep-sea isotope data’, the zero point being today’s
temperature of 15 °C. Of the significant transitions in glacial history* shown, the sharp cooling
associated with the formation of the first Antarctic ice sheet, 34 million years ago, is ascribed by
DeConto and Pollard®to a decrease in the concentration of atmospheric CO,. Global temperature
projections for the future, produced by the Intergovernmental Panel on Climate Change (IPCC)*,
are shown on a greatly expanded timescale. According to the warmest IPCC scenario, by the end
of this century global climate will be similar to that near the end of the reign of the dinosaurs.

On the coolest scenario, this climate will be achieved in about 300 years, assuming that the CO,
concentration continues to increase at the present rate. The glacial oscillations that have occurred
in the past on timescales of 40,000 and 100,000 years' are not shown, but each decreased the

global temperature by about 5 °C.

step, 34 million years ago, was sufficient for
extensive ice growth on the continent®.
DeConto and Pollard? report modelling
studies of two further influences on the
Antarctic climate — changes in atmospheric
CO, levels and in the Earth’s orbital param-
eters. They show how a decline in CO, con-
tent, from four times to double that of our
atmosphere before the past century (a base-
line termed the pre-industrial atmospheric
level), can result in a climate in which winter
snow eventually survives through the sum-
mer and over a large enough area to start
forming an ice sheet. They also show how
the exact timing of ice-sheet initiation can
be affected by a combination of the Earth’s
orbital parameters that results in minimal
summer insolation of the Antarctic.
DeConto and Pollard also checked on the
likely influence, previously queried®, of the
ocean gateways opening south of Australia
and South America at about the time that
the first big ice sheet grew. To do this they
compared the effects on simulated ice-sheet
growth of an open and a closed Drake
Passage, using the estimate of 20% for the
reduction insouthward ocean heat transport
resulting from gateway opening. The Drake
Passage lies between South America and the
Antarctic Peninsula, and when closed repre-
sented the final barrier to circum-Antarctic
circulation. The result of the experiment
showed a shift in the threshold CO, level for
ice-sheet growth from 2.4 (closed) to 2.8
(open) times pre-industrial levels. However,
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therewas nosignificantchangein the pattern
or magnitude of ice-sheet formation, con-
firming the primacy of atmospheric CO, as
the controlling factor.

This study® is a fine example of how
modern computer technology can be applied
to major questions about climate processes
and history. Italso highlights areas where fur-
ther research is needed, such as the relative
influence of temperature and ice volume on
the deep-sea isotope curve, and the effects of
the roughness and hardness of the terrain be-
neathanice sheetonitsbehaviour. Butaswith
all models of past events, however elegant,
it requires validation through concrete evi-
dence from observations of today’s world,
and the records in ice and sediment layers on
land and beneath the sea. For the first Antarc-
tic ice sheet, the relevant timing and geogra-
phy have been fairly well established from the
evidence cited by DeConto and Pollard, and
the orbital variations they call upon to trigger
the first ice sheet are recorded in younger,
cyclic sequences evident in cores drilled off
the Antarctic margin’. However, asedimentary
record of the transition from ‘greenhouse’ to
‘icehouse’ Antarctica on the continent itself,
with information on the extent and rate of
the change in climate and vegetation, has yet
to be recovered. Drilling programmes such
as ANDRILL® and SHALDRIL®, now under
way, should provide the relevant data — for
example on changes in coastal temperatures
through the transition period.

What of other climate transitions in the

past? For instance, the small step at about
24 million years ago that coincides with a
widely recognized fall in sea level® and a shift
in Antarctic coastal vegetation from beech
forest to tundra™? Or the larger step at 15
millionyearsago, whichiswidely interpreted
as the transition from an ephemeral to a
permanent Antarctic ice sheet'? These two
episodes are still not understood. There is
also continuingcuriosity over the response of
the Antarctic ice sheet during the worldwide
warming about 3 million years ago. Here
uncertainties need to be resolved in dating
glacial deposits in the Transantarctic Moun-
tains. On the basis of rare microfossils, some
contend that the deposits date to this time**;
others, however, have shown how the micro-
fossils could be windborne contaminants,
and the deposits could be much older®,

As to the future, it is now clear that land-
surface and ocean temperatures are rising in
response to human-induced emissions of
greenhouse gases— and remarkably fast on
a geological timescale. The present concen-
tration of greenhouse gases is 30% above
the benchmark pre-industrial content,
rising to that level in only a century, and is
likely to be the highest for the past 20 million
years™. According to the ‘warmest scenario’
projections of the Intergovernmental Panel
on Climate Change, the projected doubling
of CO, concentration by the end of this
century is expected to result in a climate that
the planet last experienced about 70 million
yearsago (Fig. 1).

The effects of this change are difficult to
predict, but they will plainly be profound.
Finding outmore will require closer collabo-
ration between geoscientists who work at
extracting data on past climates fromice and
sediment cores and from rock strata, and
modellers who use complex mathematical
representations to approximate events in
the physical world. An example of such
collaboration is the formation of the Antarctic
Climate Evolution planning group™.

More generally, DeConto and Pollard’s
study? brings a new understanding of the
effects of CO, emissions on climate, and
adds force to the arguments for reducing
greenhouse-gas emissions beyond those
agreed in the Kyoto Protocol. At the same
time it is clear that regional responses to
climate change through interactions be-
tween the oceans, atmosphere and ice sheets
vary considerably from the global average.
The science of mitigating the effects of
greenhouse emissions is in some countries
and cases taking priority over research into
understanding climate behaviour, especially
regionally. Both areas of research will need
sustained support, along with an inter-
national commitment to an effective solution,
if we are to survive the worst consequences of
thisgrandest ofallhumanexperiments. =
Peter Barrett is at the Antarctic Research Centre
and School of Earth Sciences, Victoria University of

NATURE |VOL 421|16 JANUARY 2003 |www.nature.com/nature




Wellington, Kelburn Parade, Wellington 6005,

New Zealand.

e-mail: peter.barrett@vuw.ac.nz

1. Barrett, P. J. Terra Antartica 3, 103-119 (1996).

2. DeConto, R. M. & Pollard, D. Nature 421, 245-249 (2003).

3. Shackleton, N. J. & Kennett, J. P. Init. Rep. Deep Sea Drilling
Project 29, 743-755 (1975).

. Crowley, T.J. & Kim, K.-Y. Geophys. Res. Lett. 22, 933-936 (1995).

. Kennett, J. P. J. Geophys. Res. 82, 3843-3859 (1977).

. Sloan, L. C., Walker, J. C. G. & Moore, T. C. Jr Paleoceanography
10, 347-356 (1995).

. Naish, T.R. et al. Nature 413, 719-723 (2001).

o g~

~

8. http://andrill-server.unl.edu/index.htm

9. www.arf.fsu.edu/arfhtml/arfpages/shaldril.html

10. Miller, K. G., Wright, J. D. & Fairbanks, R. G. J. Geophys. Res.
96, 6829-6848 (1991).

11.Raine, J. I. & Askin, R. A. Terra Antartica 8, 389-400 (2001).

12.Wilson, G. S. et al. Palaeogeogr. Palaeoclimatol. Palaeoecol. 179,
1-15 (2002).

13.Barrett, P. J., Bleakley, N. L., Dickinson, W. W., Hannah, M. H.
& Harper, M. A. in The Antarctic Region: Geological Evolution
and Processes (ed. Ricci, C. A.) 763770 (Terrapub, Siena, 1997).

14.Houghton, J. T. et al. Climate Change 2001: The Scientific Basis
(Cambridge Univ. Press, 2001).

15.www.geo.umass.edu/ace

Mobilizing the army

Steven D. Shapiro

When our bodies are injured or infected, inflammatory cells migrate to the
damaged area to carry out rescue and repair work. Interactions between
three types of protein may form the basis of a highway to guide these cells.

tion by mobilizing inflammatory cells,

which, on reaching an afflicted area,
kill microorganisms, eliminate any debris
and regulate tissue repair. Neutrophils,
which are generated in the bone marrow and
circulate through the bloodstream, are the
first such cells to arrive on the scene. Armed
with potent protein-digesting enzymes and
oxidants, neutrophils are consummate
microbe killers. But if these cells accumulate
and are activated in an uncontrolled way,
they can cause excessive inflammation and
injure the very tissues they are designed to
protect. Soitisimportantto understand how
neutrophils find their way to, and so accu-
mulate at, sites of injury. A breakthrough
came recently with a paper published in Cell
by Liand colleagues'.

Asinpreviousstudies of tissue damage, Li
et al.! infused the drug bleomycin into the
lungs of mice; this causes short-lived injury
and consequent inflammation of the layer of
epithelial cells that lines the lungs, followed
by long-lasting scarring. The authors show
that when wild-type mice are treated in this
way, neutrophils migrate through the lungs’
capillaries, cross both the capillary wall and
the epithelial layer, and enter the airspace,
wherethey startto repair the damage. Butthe
situation is rather different in mice lacking a
particular matrix metalloproteinase’ — an
enzyme that cleaves components of the web
of proteins and other molecules (the extra-
cellular matrix) in which cells are embedded
in tissues. Li et al. show that without this
enzyme, called matrilysin or MMP-7, neu-
trophils accumulate in the interstitial space
that separates capillaries from the epithelial
tissue, and do not cross the epithelium or
enter the airspace.

So MMP-7 is clearly necessary for neu-
trophilsto migrate tositesof injury, atleastin
thiscase. Butwhatisthe key substrate for this
enzyme? The authors went on to investigate,

Our bodies respond to injury and infec-

and in so doing uncovered a mechanism by
which three components of the epithelial
tissue interact to produce achemical (chemo-
tactic) gradient that attracts migrating
neutrophils (Fig. 1, overleaf). When injured,
epithelial cells secrete a chemokine called
KC; chemokines are proteins known for
their ability to contribute to chemotactic
gradients, attracting cells in the direction
of the gradient. KC binds to syndecan-1, an
adhesive component of the extracellular
matrix that contains heparan sulphate.
MMP-7 is also released from epithelial cells,
and cleaves or ‘sheds’ the syndecan-1-KC
complex from the extracellular matrix,
allowingagradient of thiscomplex to form.

All of these protein families — matrix
metalloproteinases, chemokines and matrix
components— had already been individually
implicated in cell movement. The triumph
of Lietal.' is to explain how these molecules
fit together in vivo, and to clarify their exact
functions in neutrophil migration. For
instance, the ability of many cells to move
and to traverse tissue barriers has long been
ascribed largely to matrix metalloprotein-
ases, with tumour cells in particular using
these enzymes to clear paths, promoting
local tissue invasion and distant metastasis.
Extrapolating from these observations of
tumour cells, it was speculated that inflam-
matory cells use their cadre of matrix
metalloproteinases to move through tissue
barriers in asimilar fashion. Indeed, this has
been seen to occur.

Yet confusion remained, because it was
obvious that these enzymes do more than
simply clear road-blocks from the path of
migrating neutrophils. Moreover, cells have
other ways of moving. For example, tumour
cells normally take straight paths, degrading
the extracellular matrix as they go. But
in the presence of matrix-metalloproteinase
inhibitors, such cells change both their
pattern of movement and their shape as they
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pick their way through microscopic gaps in
the matrix (P. Freidl, personal communica-
tion). Neutrophils, meanwhile, are known
to be the most ‘flexible’ inflammatory cells,
able to weave through tissue barriers in the
absence of protein-digesting enzymes®. All
inall, then, Li et al.’s discovery* that MMP-7
is involved in neutrophil migration was
perhapsnotsurprising. Butits precise role—
in ‘shedding’ syndecan-1-KC complexes to
form a chemical gradient — was unantici-
pated, and shows that MMP-7 is needed for
directed neutrophil migration, rather than
justmovement per se.

To complicate the picture still further,
matrix metalloproteinases may also limit
inflammation. Three years ago, McQuibban
et al.* showed that some of these enzymes
process and inactivate the chemokines to
which other inflammatory cells—monocytes
— respond, thereby restricting monocyte
migration into sites of injury. This, together
with the work of Li et al., suggests a feed-
back mechanism whereby matrix metallo-
proteinases initially promote cell influx to
damaged areas; later, excessive quantities of
these enzymes turn off the pro-inflammatory
chemokinesignals.

And what of the chemokines? These pro-
teins have long been known to act as attrac-
tants by binding to receptors on the surface
of inflammatory and immune cells. But the
large number of chemokines, and the lack of
specificity of particular receptors for partic-
ular chemokines, has made it difficult to
ascribe functions to individual molecules.
So it is another significant feature of the
new work® that, although the authors found
many chemokines to be present in injured
mouse lungs, a gradient of chemokine
KC alone (established by syndecan-1) was
both necessary and sufficient to control
neutrophil migration.

Which brings us, finally, to syndecan-1.
Fragments of other matrix proteins have pre-
viously been shown to be chemoattractants
in cell cultures. For instance, fragments of
elastin attract monocytes and fibroblast
cells®®, whereas fragments of laminin, colla-
gen or entactin attract neutrophils. These
fragments are believed to work alone, but
their significance in vivo is unclear. The
importance of fragments of syndecan-1,
however, is now apparent. Previously, it was
shown that interleukin-8 (which is related to
chemokine KC) must bind heparan sulphate
to mediate directed neutrophil migration’,
and that metalloproteinases can shed the
extracellular domain of syndecans®. Li et al.
tie all this work together, showing that
syndecan-1-KC complexes are snipped away
from the main extracellular matrix by matrix
metalloproteinases. The broader implica-
tion is that other matrix fragments may
cooperate with other chemokines to create
gradientsthat direct cell movement.

So Li et al.’s work completes one part of
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