
Anaerobic Dormancy Quantified in Artemia Embryos: cells. Finally, what is the identity of the 

A Calorimetric Test of the Control Mechanism substrate (or substrates) supporting the "pi- 
lot light" metabolism? The application of 

Continuous measurement of heat dissipation from brine shrimp embryos during 
reversible transitions from aerobic development to anaerobic dormancy demonstrates 
a primary role for intracellular pH ( p H i )  in this metabolic switching. Artificially 
elevating the depressed pHi during anoxia by adding ammonia markedly reactivates 
metabolism, as judged by increases in heat dissipation, trehalose catabolism, and the 
ratio of adenosine triphosphate to adenosine &phosphate. Energy flow during 
anaerobic dormancy is suppressed to 2.4 percent of aerobic values, which is the lowest 
percentage thus far reported for euryoxic animals. Use of diguanosine tetraphosphate 
stores cannot account for this observed heat dissipation. Thus, mobilizing trace 
amounts of trehalose may explain the energy metabolism during quiescence. 

Q UIESCENT, RESTING FORMS ARE 

common during the early life 
stages of numerous organisms (1) 

and, in some taxa, even mature adults can 
enter such hypometabolic states (2). The 
broad phylogenetic distribution of orga- 
nisms with this ability suggests the existence 
of fundamental mechanisms for reversible 
suppression of metabolism and develop- 
ment. But with few exceptions, our under- 
standing of the regulation of these periods 
of doirmancy, which occur in response to 
harsh environmental conditions, is lacking. 
By using microcalorimetry (3), we have 
made a direct test of the proposed role of 
intracellular p H  (pHi) in metabolic switch- 
ing in brine shrimp embryos and have ob- 
tained new information quantifying the de- 
gree of metabolic arrest during anaerobic 
dormancy. 

During the life cycle of the brine shrimp 
Artemia, the development of postdiapause 
embryos (cysts) is sometimes interrupted by 
anaerobic dormancy, an extreme state of 
quiescence under environmental anoxia. As 
reviewed elsewhere (4, 5),  reversible shifts . . 
from aerobic development to anaerobic dor- 
mancy in hydrated-gastrula-stage embryos 
are characterized by cessation of carbohy- 
drate metabolism (6, 7) and by intracellular 
acidification frompH 2 7.9 to as low as 6.3 
(8). In the laboratory, artificial acidification 
of the pHi of aerobically developing cysts to 
6.8 by exposure to elevated levels of C 0 2  
induces a huiescent condition (aerobic aci- 
dosis) comparable to anaerobic dormancy, 
as judged by several indicators (7, 9, 10). 
Recent evidence forpH-induced blockage of 
the ca1:abolic pathway for trehalose (7) and 
for the kinetic and structural sensitivity of 
brine shrimp trehalase to p H  (11) further 
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implicates pHi as a regulator of these meta- 
bolic transitions. 

However, key questions remain regarding 
the regulation of this metabolic switching. 
What influence does modulation of embryo 
pHi have on energy metabolism during an- 
aerobic dormancy? If the shutdown of ener- 
gy metabolism under anoxia is indeed due to 
intracellular acidification, then artificial alka- 
linization in the absence of oxygen would be 
expected to cause an elevation of metabo- 
lism. An affirmative result is important in 
demonstrating a regulatory role for pHi 
during anoxia, but, until now, a direct ap- 
proach to this point has not been experi- 
mentally feasible. To  what degree is total 
metabolic rate of Artemia embryos sup- 
pressed during quiescence? In the hydrated 
state, one would expect some minimal level 
of metabolism to occur in cysts to provide 
for cellular maintenance (for example, DNA 
repair and protein and membrane turnover). 
Such information would provide a better 
estimate of the energy requirements for 
maintenance-level function in eukaryotic 

micr6calorimetry, coupled wi thre~~iromet-  
ric and biochemical measurements, affords 
an opportunity to address these points. 

The instrumentation we used for open- 
flow microcalorimery and respirometry (3, 
12, 13) and the methods for embryo prepa- 
ration (7) have been described. Figure 1 
shows that a continuous increase in heat 
dissipation occurred in the Artemia embryos 
during the first 7 hours of aerobic develop- 
ment, after which a steady state was reached 
(hour 7 to 9). This pattern was reflected in 
the oxygen consumption values obtained 
simultaneously. At steady state, the heat 
dissipated per unit of oxygen consumed was 
-495 kJ1mol 0 2 ,  in close agreement with 
the theoretical oxycaloric kquivalent of 
-478 kJlmol 0 2  for catabolism of carbohy- 
drate under these conditions (14). Trehalose 
is the exclusive catabolic fuel used bv these 
embryos during preemergence develop- 
ment, and net changes in protein and lipid 
levels do not occur (15). Heat dissipation 
decreased precipitously during aerobk aci- 
dosis (Fig. l ) ,  reaching a minimum value 
after 8 hours that was only 9% of control. 
Oxygen consumption decreased simulta- 
neously [consistent with data in (9 )]  result- 
ing in a calorimetric-respirometric ratio of 
-481 kJ1mol 0 2 .  Since this ratio did not 
increase during aerobic acidosis. nonoxida- 

u 

tive metabolism was not stimulated to com- 
pensate for this suppression of aerobic me- 

Uninterrupted measurement of metabolic 
heat dissipation during transitions from aero- 
bic to anaerobic states allowed us to quantify 
the actual depression of energy flow under 
anaerobic dormancy. An immediate drop in 
heat dissipation occurred upon the removal of 

Incubation time (hours) 

ability of cysts was 60% based on a separate study (28). The stainless steel 
respirometer with stainless steel capillaries. 

Fig. 1. Continuous re- 
cord of heat dissipation 
by Artemia embryos dur- 
ing aerobic development 
(hour 0 to 9), aerobic 
acidosis (hour 9 to 
17.5), and recovery 
(hour 17.5 to 19). Em- 
bryos from the Great 
Salt Lake, Utah, were 
perfused (23.5 rnllhour) 
in 0.25M NaCl at 25°C 
throughout the experi- 
ment. Inset depicts the 
3.5-ml perfusion cham- 
ber adapted to ensure 
uniform flow through 
the sample of embryos 
(75 to 100 mg dry 
weight) and normal de- 
velopment under aerobic 
conditions (8). Hatch- 

chamber was coupled to the 
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oxygen (Fig. 2). After 4 hours of anaerobic 
dormancy, the rate declined to 2.4 * 0.4% 
(SD) of controls in three experiments (two of 
which are shown in Fig. 2). Compared to 
other euryoxic invertebrates, this is the lowest 
percentage so far reported (3). The quantita- 
tive relation between calorimetric and bio- 
chemical measures of metabolic rate depends 
on the operative anaerobic pathways (3). If 
one considers that anoxia can be tolerated bv 
Artemia embryos for weeks (6), the heat 
dissipation we measured during anaerobic 
dormancy [0.13 FW per million cells; (16)] 
~robabl i  reflects maintenance-level metabo- 
lism for these eukaryotic cells. For compari- 
son, the aerobic rate of Artemia embryos is 
5.4 FW per million cells. Human T lympho- 
ma cells in suspension exhibit an average value 
of 7.5 ? 0.6 (SD) pW per million cells at 
37°C (17). 

If decline ofpHi is the primary regulatory 

mechanism for these transitions, then artifi- 
cial akalinization of pHi during anaerobic 
dormancy should elevate the anoxic energy 
flow, resulting in a state of "activated anoxi- 
biosis." After a transition to perfusion con- 
ditions with ammonia (hour 9.5 to 12, Fig. 
2) known to alkalinize anaerobicpHi (18), a 
fivefold increase in heat dissipation occurred 
(hour 10.5 to 12). Since oxygen was not 
present for mitochondrial-based metabolism 
during this treatment, an increase in heat 
dissipation to control (aerobic) levels was 
not expected. Blank experiments (no orga- 
nisms in the measuring chamber) gave stable 
baselines across these transitions, demon- 
strating that the changes in heat dissipation 
were not a result of exothermic mixing of 
the two perfusion media. After switching to 
anoxic perfusion conditions with ammonia, 
a small pulse of oxygen was recorded in the 
inflow. This oxygen uptake can quantitative- 

Fig. 2. Superimposed traces 
of two independent experi- 
ments showing heat dissipa- 
tion of Avtemia embryos - 
during aerobic development 5 
(hour 0 to 5.5) and anoxia 'g 6 
(hour 5.5 to 13). During 2. 
the continuous period of an- 
oxia, the acidotic state of 
anaerobic dormancy (hour 4 
5.5 to 9.5) was interrupted 
with the addition of ammo- % 
nia, which serves to alkalin- .$ 
ize pHi.  This period of acti- 4 
vated anoxibiosis (hour 9.5 5 
to 12) was reversed by the 
removal of ammonia (hour 
12 to 13). The recovery re- 
sponse (hour 13 to 16) ' 2 4 6 8 10 12 14 16 
showed a reproducible bi- Incubation time (hours) 
phasic pattern. The inset 
contrasts this recovery pattern (a) to that observed after exposure to a shortened (5-hour) period of 
anaerobic dormancy alone (b). The pehsion medium consisted of 0.2QM NaCl and 0.05M tricine (pH 
8.5) except during activated anoxibiosis, where the composition of the medium was 0.16M NaCI, 
0.05M tricine, and 0 . 0 M  NH4CI. For hrther experimental details see legend to Fig. 1. 

Fig. 3. High resolution of 
the time course of heat dissi- 
pation during pH-induced 
metabolic transitions in Ar- 
temia embryos. Superim- 
posed traces from two ex- 
periments are presented for 
each of the following condi- 
tions: aerobic acidosis (- - -) 
and anaerobic dormancy 
(-). Heat dissipation is 
calculated as percent of the 
aerobic control prior to each 
transition. Time course for 
washout of oxygen from the 
perfusion system after 
switching to anoxic m e l u m  
is depicted by the dotted 
line. The inset shows the 
accuracv of time resolution 
for th; calorimetry signal Time after transition (minutes) 
achieved by correcting for 
instrumental lag (29). The internal calibration heater was activated at time 0 ("Power on"). Vertical bars 
represent + l  SD (n = 10). 

ly explain the small overshoot of heat dissi- 
pation at the beginning of activated anoxi- 
biosis. During anoxic steady states, oxygen 
diffusion into the system was extremely low 
(typically below 0.5% air saturation). Thus, 
elevating the pHi of embryos during strict 
anoxia (19) promoted a marked deinhibi- 
tion of metabolic rate. 

The microcalorimetric data were support- 
ed by a parallel series of experiments in 
which selected metabolites were measured. 
Trehalose utilization, which is blocked dur- 
ing anaerobic dormancy (6, 7), was reinitiat- 
ed upon addition of ammonia under anoxia 
(Table 1). The observation is probably ex- 
plained by deinhibition of trehalase (1 1 ). 
Relative to levels during anaerobic dorman- 
cy, concentrations of adenosine triphos- 
phate (ATP) increased approximately 50% 
during activated anoxibiosis, as did the ratio 
of ATP to adenosine diphosphate (ADP). 
Also, there is an increase in the ratio of 
glucose-6-phosphate:glucose, suggesting par- 
tial deinhibition of the hexokinase reaction 
(7). 

Previous workers have suggested that en- 
ergy for cellular maintenance during anaero- 
bic dormancy comes from the catabolism 
of an unusual nucleotide found in Artemia 
yolk platelets-diguanosine tetraphosphate 
(Gp4G) (20). Until now, it had not been 
established whether Gp4G utilization is suf- 
ficient to account for the level of energy 
metabolism under these conditions or 
whether there are other bioenergetic contri- 
butions. Metabolism of Gp4G proceeds at a 
rate of approximately 0.58 kmol per hour 
per gram dry weight during anaerobic dor- 
mancy at 25°C (20). If we assume complete 
catabolism of Gp4G via the pathway de- 
scribed by Denbos and Finamore (21) 
[Gp4G + adenosine 4 Ap4G + guanosine; 
Ap4G + ATP + guanosine monophosphate 
(GMP); ATP 4 adenosine monophosphate 
(AMP); AMP + adenosine], the caloric 
equivalent of the process at p H  6.5 and pMg 
2.5 would be approximately - 140 kJ1mol 
Gp4G (22). Thus, the expected heat dissipa- 
tion derived from Gp4G metabolism under 
anaerobic dormancy would be 0.002 mW 
per gram of dry cyst, as compared to our 
lowest value of 0.12 mWig. Interbatch vari- 
ability of cysts might explain part of the 
discrepancy. But based on these values, 
Gp4G metabolism can account for <2% of 
the observed heat dissipation from Artemia 
embryos. We suggest that a more likely 
explanation for this metabolic rate is the 
catabolism of trace amounts of trehalose. 
Although a decline in trehalose cannot be 
detected after several hours of anaerobic 
dormancy (Table 1) (6, 7), the amount 
required to explain the heat dissipation is 
within the error of the assay. 
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Table 11. Changes in selected metabolite levels and ratios in Artemia embryos during 12.5-hour 
incubations. After an initial 6-hour period of aerobic development (60% N2:40% 02) ,  conditions were 
switched to anaerobic dormancy (100% N2). After hour 10, NHICl (40 mM h a l  concentration) was 
added to the anoxic flasks, and incubation continued under anaerobic conditions through hour 12.5. 
Values are means 5 SEM for three independent samples. Analyses were performed as previously 
described (7). 

Trehalose 
(IJ.mol ATP 

Glucose-6 
Period and glucosyl ATP:ADP glucosyl ( W o l  phosphate: 

time (hours) (kmo! ratio Ulmg glucose Ulmg mg protem) ratio protein) protein) 

Aerobic 
development 

0 2 . 4 2 t 0 . 0 2  0.9450.02 0.149t0.010 0.16650.002 0.030rt0.003 
6 1 . 9 4 t 0 . 0 3  5.0950.03 1.50 50.075 0.32350.003 0 .236t0 .003  

Anaerotic 
dormancy 

10 2.0150.04 0 .8450 .01  0.196t0.018 0.326rt0.002 0.02250.002 
Activated 

anoxibiosis 
(with 40 mM 
NH4Cl) 

10.5 1.74 5 0.01 1.30 5 0.02 0.283 5 0.018 0.331 5 0.008 0.030 rt 0.002 
12.5 1 .7650 .02  1.13rt0.02 0.30650.012 0.326t0.005 0.01OtO.001 

Based on thermochemistry, a second 
point to note is that the trehalose utilization 
measured during activated anoxibiosis (Ta- 
ble 1, hour 10 to 12.5) is sufficient to 
account for the total heat dissipation by the 
embryos during this period. If trehalose is 
metabolized completely to succinate or pro- 
pionate (the actual end products are un- 
known), the expected heat dissipated would 
conseniatively be 1.4 mW per gram of dry 
cyst (3), compared to our observed rate of 
0.9 to 1.0 mW/g (Fig. 2). This observation 
is taken as additional evidence that artificial 
alkalinization under anoxia serves to reiniti- 
ate trehalose metabolism. 

The rates and profiles of these metabolic 
transitions suggest several points about the 
mechanisms involved. Kinetic data indicate 
that 90% of the metabolic depression that 
occurs after onset of aerobic acidosis is 
complete within 5 minutes (Fig. 3). Transi- 
tions into anaerobic dormancy are some- 
what slower for at least three reasons. 
Whereas ATP levels remain constant under 
aerobic acidosis (3, decreases in ATP con- 
tribute 6% of the total heat dissipation 
during the initial 30-minute transition into 
anoxia. In contrast to aerobic acidosis where 
the pHi decline is rapid (exogenously con- 
trolled with C02) ,  the pHi shift during 
anaerobic dormancy is metabolically pro- 
duced ,and consequently slower (8). Also, in 
vitro data showed that inhibition of brine 
shrimp trehalase by p H  is hysteretic ( l l ) ,  
involving a time-dependent change in as- 
sembly state. For the artificial state of aero- 
bic acitiosis, where the level of the inhibitory 
effector ATP is maintained high, the hyster- 
esis may be less pronounced. Interestingly, 
the kinetics of the recovery from anaerobic 
dormancy are at least biphasic (Fig. 2, in- 

set). This biphasic pattern is completely 
absent during recovery from aerobic acidosis 
(Fig. 1). One possible explanation is that the 
first phase may be a result of aerobic pro- 
cessing of metabolic end products, whereas 
the second phase may represent the hysteret- 
ic mobilization of trehalose. 

Whether pHi serves as an initiator of 
metabolic switching in other organisms is 
not known. Other regulatory events may 
operate alone or in concert with H+,  includ- 
ing, for example, enzyme covalent modifica- 
tion (23), changes in allosteric effector con- 
centrations (24), or reversible associations of 
enzymes with cytoskeletal elements (25). 
Acidic pHi is not required for maintaining 
diapause in A@emia cysts (26). But in post- 
diapause embryos, all biochemical, metabol- 
ic, and pHi data indicate that H +  reversibly 
initiates the metabolic shutdown during an- 
aerobic dormancy, a proposal forwarded by 
Busa and Crowe (9). The effect is indepen- 
dent of adenylate energy charge (7) and can 
provide a powerful means of integrating 
enzyme and organelle function that may 
share no other common effector (4, 27). 
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