
65
64
63
62
61
60
59
58
57
56
55
54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30

29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6

www.sciencemag.org SCIENCE VOL 294 12 OCTOBER 2001 319

Ca2+-dependent gene transcription to activa-
tion of a specific type of VGCC? Recent
work (8) suggests that the unique biophysical
properties of L-type VGCCs enables them to
discriminate between synaptic potentials (ex-
citatory postsynaptic potentials) and action
potentials. Clearly, such filtering would be
useful for fine-tuning the coupling between
Ca2+-mediated gene transcription and differ-
ent forms of neural stimulation (for example,
orthodromic versus antidromic). Second,
what steps lie between Ca2+ entry and gene
transcription? The Dolmetsch work (1) im-
plies that activation of the mitogen-activated
protein kinase (MAP kinase) cascade is one
such intermediate step. However, it is unclear
how MAP kinase activation is connected to
the rapid translocation of calmodulin to the
nucleus after stimuli that open L-type

VGCCs (16). Finally, does this general mech-
anism for specifying membrane-to-nucleus
signaling apply to other types of VGCCs and
Ca2+ binding proteins? When P/Q-type
VGCCs interact with Ca2+/calmodulin, their
biophysical properties change in a manner
reminiscent of the Ca2+-dependent inactiva-
tion of L-type VGCCs (17, 18). The entry of
Ca2+ through P/Q-type VGCCs may specify
the transcription of unique sets of genes. Giv-
en that the sequencing of the human genome
has identified more than 80 proteins related
to calmodulin (19), many with functions as
yet undetermined, a rich repertoire of poten-
tial interactions between this class of proteins
and VGCCs remains to be explored.
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T
he potential for global warming has
spurred the development of various
strategies to control the concentra-

tions of greenhouse gases, particularly
CO2, in the atmosphere. Technologies for
carbon capture, storage, and sequestration
to reduce greenhouse gas concentrations

are receiving increas-
ing attention (1). Be-
cause of its enormous
volume, the ocean is
an attractive site for

possible storage of CO2. First proposed
nearly 25 years ago (2), CO2 disposal in the
ocean is now being actively explored (3, 4).

Recent modeling studies indicate that
CO2 must be released at great depths to
avoid substantial outgassing (5). Direct
studies of the biological consequences of
CO2 injection are in their infancy (4), but a
large literature on the physiology of deep-
living animals indicates that they are highly
susceptible to the CO2 and pH excursions
likely to accompany deep-sea CO2 seques-
tration. Microbial populations may be high-
ly susceptible as well. The impacts of ocean
sequestration on deep-sea biota and the
biogeochemical cycles dependent on their

metabolism are therefore of great concern.
Increased CO2 results in decreases in sea-
water pH. Primary responses of organisms
to the consequent internal acid-base imbal-
ance include metabolic production and
consumption of acid-base equivalents, pas-
sive chemical buffering of intra- and extra-
cellular fluids, and active ion transport (6,
7) (see the figure). CO2 and proton trans-
port by extracellular respiratory proteins
such as hemoglobin are also important for
maintaining acid-base balance in some ani-
mal groups.

Failure to control pH within physiological
limits due to sequestered CO2 will have im-
portant consequences for the health of aquat-
ic organisms, as has been demonstrated for
the effects of acid rain on freshwater fish (8).
Acid-base imbalances can lead to dissolution
of exoskeletal components such as calcare-
ous shells, metabolic suppression (a condi-

tion expected to retard growth and re-
production), reduced activity, loss of

consciousness due to disruption
of oxygen-transport mecha-
nisms, and, if persistent, death.

Over the last 30 years, in
situ and laboratory studies of
the oxygen consumption rates
of deep-sea animals have
shown that deep-living ani-
mals—both fishes and inver-
tebrates—have low metabolic
rates (9). The metabolic rates
of some deep-living animal
species are nearly three or-
ders of magnitude lower than
those of their shallow-living
relatives after correction for
temperature differences (10).
Metabolism in the deep sea
appears to be reduced in part
because selection for locomo-
tory capacity is relaxed due to

light-limitation on predator-prey interac-
tions. It is reduced further by cold tempera-
tures (9) and, in at least some instances, by
limited food supply (11, 12).

The reduction in metabolic rates with in-
creasing depth is found to varying degrees
in all phyla and all regions studied to date
and extends to the deepest depths of the
ocean (9). Microbial activity is also greatly
reduced in the deep sea (12). Metabolic
pathways in living cells are tightly regulated
such that the production and consumption
of metabolic end products are in balance.
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Species with low metabolic rates are there-
fore expected to tolerate only low concentra-
tions of metabolic end products such as CO2
and protons.

Under conditions of increased CO2 out-
side the organism, CO2 rapidly crosses bio-
logical membranes and is hydrated to car-
bonic acid, which subsequently dissociates
to release protons into the cell (see the fig-
ure). Proton-elimination pathways may not
be able to react fast enough to avoid proton
accumulation in the cell. Passive buffering is
then the only mechanism immediately avail-
able in the cell that can hold pH levels to
values compatible with life functions (13).

In biological fluids, buffering is typical-
ly achieved by low molecular weight, non-
bicarbonate buffers with dissociation con-
stants close to physiological pH (for exam-
ple, histidine-containing substances). His-
tidyl residues in proteins also contribute to
buffering capacity (14). In line with the
above suggestion that metabolic activity
correlates with tolerance of acid-base dis-
turbance, intracellular nonbicarbonate
buffering capacities in deep-living fishes
and cephalopods (squids and octopuses)
are as much as 100 times lower than in
comparable shallow-living species (10, 14).

In the longer term (10 to 36 hours), ion-
transfer processes at gas-exchange surfaces
are required to eliminate H+ and HCO3

− ac-
cumulated during increased CO2 conditions
in the environment (6). Active ion transfer
is usually mediated by carriers such as
Na+/H+, Na+/K+, and Cl−/HCO3

− exchang-
ers and pumps (see the figure) and is thus
limited by the capacity and concentration of
these carriers. Carbonic anhydrase also
plays an important role by catalyzing the in-
terconversion of CO2 with HCO3

− and H+,
thus generating counterions that facilitate
CO2 elimination (6) (see the figure).

Capacities for active ion regulation are
greatly reduced in the gills of deep-sea
fishes (15, 16). Deep-sea animals (other
than those inhabiting hydrothermal vents)
also have substantially reduced carbonic
anhydrase activities in gas-exchange tissue
relative to shallower living species (17,
18). This further limits their ability to
eliminate protons from the body. 

Reduced blood pH typically decreases the
affinity of respiratory proteins (such as
hemoglobin) for oxygen. Metabolic produc-
tion of proton-equivalents thus facilitates un-
loading of oxygen at the tissues. Decreased
respiratory protein–oxygen affinity following
acid-base disturbance due to increased envi-
ronmental CO2 will, however, lead to a di-
minished capacity for oxygen uptake at the
gill. In some organisms (e.g., mammals), the
pH sensitivity of oxygen-transport proteins in
the blood is positively correlated with
metabolic rate, a finding that, if true for deep-

sea organisms, would suggest insensitivity to
pH excursions (19). But most deep-sea
species have highly pH-sensitive respiratory
proteins despite low metabolic rates (20, 21).

A drop in arterial pH by just 0.2 would
reduce bound oxygen in the deep-sea crus-
tacean Glyphocrangon vicaria by 25% (22).
A similar drop in arterial pH would reduce
bound oxygen in the midwater shrimp
Gnathophausia ingens by 50% (20). A drop
in seawater pH by 0.5 diminished the effec-
tiveness of oxygen uptake in this species
(23), suggesting a very limited ability to
protect extracellular pH during seawater pH
excursions. Deep-sea fish hemoglobins are
even more sensitive to pH (21). 

Recent evidence suggests that small in-
creases in CO2 and the resultant reduced
seawater pH may trigger metabolic sup-
pression in a variety of organisms (19, 24).
Metabolic suppression is an adaptive strat-
egy used by many aquatic organisms to
survive temporary environmental energy
limitation (such as oxygen deficiency or
food deprivation). In the deep sea, this re-
versible response ranges from seasonal
(24) to short-term metabolic suppression
between food pulses (11). Many oceanic
animals are suspected of suppressing
metabolism during diurnal migrations into
oxygen-deficient waters (20, 25).

Metabolic suppression is achieved, at
least in part, by shutting down expensive
processes such as protein synthesis (24).
Low pH has been shown to inhibit protein
synthesis in trout living in lakes rendered
acidic through anthropogenic effects (8). The
ratio of oxygen consumed to nitrogen excret-
ed decreased in an intertidal worm under in-
creased CO2 conditions, suggesting reduced
protein synthesis during metabolic suppres-
sion (19). Metabolic suppression through re-
duced protein synthesis may be an important
consequence of CO2 sequestration, resulting
in decreased growth and reproductive output. 

The severity and extent of pH and CO2
excursions that will result from deep-sea
CO2 sequestration will depend heavily on the
injection method. In one recently modeled
scenario, a CO2-release rate corresponding
to emissions from a single gas power plant
reduced seawater pH by more than 0.1 with-
in a volume of 0.5 km3 (5). Other methods
may result in more serious departures (more
than one pH unit) over much larger areas
(over 100 km from the injection site) (26).

We estimate that sequestration of CO2
sufficient to stabilize atmospheric concen-
trations at 550 parts per million by volume
(twice the pre-industrial level) would
change the pH of the entire ocean, on aver-
age, by ~0.1 by 2100. This is a substantial
fraction of the pH range of seawater. CO2
concentrations and pH vary hourly or diur-
nally in some habitats (such as tidepools),

but in the deep sea they have been stable for
thousands of years, and organisms are high-
ly attuned to this stability (20). For this rea-
son, Haedrich (27) suggests that “any
change that takes place too quickly to allow
for a compensating adaptive change within
the genetic potential of finely adapted deep-
water organisms is likely to be harmful.” 

The available data indicate that deep-sea
organisms are highly sensitive to even mod-
est pH changes, a contention supported by
preliminary in situ experiments (28). Small
perturbations in CO2 or pH may thus have
important consequences for the ecology of
the deep sea and for the global biogeochem-
ical cycles dependent on deep-sea ecosys-
tems. Experiments on CO2 injection must
carefully define the spatiotemporal extent of
CO2 and pH excursions from normal so that
the acute and chronic effects of increased
CO2 on deep-sea, and perhaps global,
ecosystems can be predicted from existing
(and additional) data on the physiology and
ecology of deep-sea organisms. Only then
can the risks and benefits of deep-sea car-
bon storage be assessed appropriately.
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