
continuous; yet the general homogeneity 
of the infill suggests that we are not 
dealing with much time, perhaps weeks 
to a few years. 

Four species of carnivores, represent- 
ed by about 11 individuals, have been 
found in the three dens: the bear dog 
Daphoenodon superbus, the unnamed 
temnocyonine bear dog, a small canid 
Phlaocyon annectens, and the mustelid 
Paroligobunis simplicidens. Two species 
of bear dogs were found by us in place in 
the burrows: the aged Daphoenodon in 
den 3 and the adult temnocyonine in den 
2. Because of the proximity of these dens 
to an early Miocene braided stream ( I I ) ,  
flooding of the burrows is the most likely 
cause of death of younger animals. 

In summary, this unusual site appears 
to represent a den complex of early 
Miocene amphicyonid, canid, and mus- 
telid carnivores that was developed dur- 
ing an unknown time interval in the 
channel floodplain of a wide, shallow, 
ephemeral stream which was subject to 
intense periodic floods, probably season- 
al in nature. Daphoenodon was the prin- 
cipal occupant of the dens, but other 
bear dogs, canids, and mustelids used 
them for shelter, and Daphoenodon fe- 
males probably used the dens to care for 
their young. Before the den complex was 
buried by stream sediments, floodwaters 
may have drowned juvenile and young 
adult bear dogs (including a mother-cub 
pair) in their dens. The carcasses decom- 
posed in the burrows and were disturbed 
by scavengers and additional floods. As 
shifting episodic streamflow resulted in 
channel migration over the dens, ash- 
rich sediment gradually filled the bur- 
rows, thereby preserving a remarkable 
association of young, mature, and aged 
extinct Carnivora. 
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Intracellular pH Regulates Transitions Between Dormancy and 
Development of Brine Shrimp (Artemia salina) Embryos 

Abstract. The intracellular pH (pH,) of encysted gastrula-stage embryos of the 
brine shrip, Artemia, as previously shown by in vivophosphorus-31 nuclear magnetic 
resonance spectroscopy, increases by more than 1 unit during arousal from 
cryptobiotic dormancy and decreases by the same amount during reinduction of 
dormancy. These changes in pH, are now shown to be a fundamental regulator of the 
transitions between dormancy and metabolism: acidiJication of activated embryo 
pH, by more than I unit with carbon dioxide induced a state comparable to natural 
dormancy, while alkalinization of dormant embryo pH, with the weak base ammonia 
terminated natural dormancy. This demonstration of pHl-mediated regulation of 
cryptobiotic dormancy extends the known scope for pHl as a regulator of develop- 
ment to include m~~lticellular stages of the metazoan life cycle. 

Cellular dormancy, a spectrum of hy- 
pometabolic states involving inhibition 
of both catabolic and anabolic processes, 
is common to some stage of the life 
cycles of most organisms. Arousal from 
the comparatively modest dormancy of 
the sea urchin egg is regulated in part by 
a moderate (- 0.4 unit) alkalinization of 
intracellular pH (pH,) (1, 2 ) .  Even larger 
increases in pH, (- 1 unit) accompany 
the transitions between dormancy and 
metabolism of bacterial (3)  and perhaps 
also yeast spore (4, 5) germination, but 
the physiological significance of these 
larger pH, changes is not yet clear (6). 
The largest pHi changes observed under 
biologically meaningful conditions (> 1 
unit) accompany transitions between 
profound dormancy (cryptobiosis) and 
development in encysted gastrula-stage 
embryos (cysts) of the brine shrimp, 
Artemia salina (7). While the extreme 
degree of dormancy of Artemia cysts is 
unusual among metazoans, its true re- 

versibility, enabling study of both initia- 
tion and termination of dormancy, offers 
opportunities to further test the role of 
pHi in metabolic regulation. 

The Artemia cyst displays two distin- 
guishable but related forms of dormancy 
(8). Newly released from the ovisac, the 
cyst remains developmentally arrested 
for extended periods. Under natural con- 
ditions, such aerobic dormant cysts, 
which are so called because the embryos 
remain dormant even in the presence of 
oxygen, are activated to resume metabo- 
lism and development by desiccation and 
subsequent aerobic rehydration. When 
rehydrated in the absence of oxygen, 
however, they remain dormant, or reen- 
ter dormancy if oxygen is withdrawn 
after aerobic rehydration; we term these 
"anaerobic dormant" cysts because 
they normally remain dormant only un- 
der anoxic conditions. Aerobic dorman- 
cy, anaerobic dormancy, and aerobic 
development thus represent three alter- 
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native physiological states of a single 
developmental stage, the late gastrula, 
modified in some fashion by the process 
of desiccation and rehydration. 

As observed by in vivo 3 1 ~  nuclear 
magnetic resonance spectroscopy (3'P- 
NMR), changes in pHi accompany the 
reversible transitions between aerobic 
development (pH, 2 7.9) and anaerobic 
dormancy (pH, = 6.3) ( 7 ) .  In order to 
assess the physiological significance of 
the pH, decrease accompanying induc- 
tion of dormancy, we first tested the 
effect of intracellular acidification on 
cyst aerobic metabolism. We used simul- 
taneous 3 ' P - ~ M ~  and 0 2  polarography 
to determine both pH, and respiration 
rate in activated (that is, desiccated and 
rehydrated) cysts incubated under con- 
stant oxygen partial pressure and in- 
creasing partial pressures of the mem- 
brane-permeant weak acid, C 0 2  (Fig. 1). 
The C02  depresses pH, from its normal 
aerobic value of 2 7.9 to 6.8 (60 percent 
C02) and inhibits respiration in a pH,- 
dependent manner by up to 70 percent 
over this pH, range. Respiratory inhibi- 
tion is reversible upon removal of C02. 

Development, too, is reversibly arrest- 
ed by intracellular acidification with C 0 2  
(Fig. 2). In contrast with aerobically re- 
hydrated controls incubated without 
C02,  in which hatching commences by 
11 hours and is completed by about 72 
hours (dashed line in Fig. 2), cysts incu- 
bated under either 11 or 60 percent C 0 2  
(pHi about 7.4 or 6.8) do not hatch for at 
least 110 hours in the presence of 02; 
acidification of pH, thus mimics aerobic 
dormancy. When C 0 2  is removed (time 
zero in Fig. 2) hatching proceeds to 
normal levels and with normal kinetics in 
cysts previously treated with 60 percent 
C 0 2  but proceeds substantially more 
synchronously in cysts previously incu- 

0 l.., 
2-73 7.4 7.2 7.0 6.8 

PH l 

Fig. 1. Dependence of respiratory rate (Q?,, 
in micrograms of oxygen consumed per min- 
ute per gram dry weight) on intracellular pH. 
The pHi was manipulated by increasing super- 
fusion C 0 2  partial pressure as indicated (at 
constant oxygen partial pressure). Points rep- 
resent the mean from two experiments. Bar 
represents two standard errors of the mean, 
where this is larger than the graphical repre- 
sentation of the mean (16). 

Table 1. Termination of aerobic dormancy 
with NH3. Aerobic dormant cysts were col- 

Mean hatch (%) 

lected in the laboratory soon after release Incubam Desic- 
from females collected near San Francisco. tion Incu- 

bated cated 
Precautions were taken to avoid desiccation. (hours) Con- 

trol in and 
Cysts were incubated at low density on filter 

NH3 
rehy- 

paper disks supported on the meniscus of the drated 
indicated buffer in petri dishes held over res- 
ervoirs of the same buffer in sealed hygrostats 30 3.4 ( 1 . 1  5.5 (0.5) 
at - 23°C. Control (NH3-free) buffer was 200 44 5.6 (2.3) 10.5 (1.3) 
mM NaCl and 50 mM Tricine (N-[tris(hydrox- 68 4.9 (0.8) 33.4 (2.1) 26.1 (4.4) 
ymethyl)methyl]glycine), pH 8.5 at 23°C. The 
NH3 buffer was 40 mM NH4C1, 160 mM NaC1, and 50 mM Tricine, pH 8.5 at  23°C. After 20 
hours, the cysts incubated in NH3 and their filter paper disk were rinsed and transferred to a 
petri dish and hygrostat containing control buffer. Desiccated controls were dried for 48 hours 
over anhydrous CaS04, rehydrated 2 hours in ice-cold control buffer, and incubated as controls. 
Hatched embryos developed to the free-swimming nauplius stage. Each result is the mean (and 
standard deviation) of three counts of 100 to 200 cysts each. 

bated under 11 percent C02.  This latter 
observation suggests that some interme- 
diate step of preemergence development 
is unusually sensitive either to depres- 
sion of pHi or to its metabolic conse- 
quences and offers the possibility that 
C02-induced synchronization of devel- 
opment may prove useful in biochemical 
studies, which have been complicated by 
the developmental asynchrony apparent 
in Fig. 2. It is important to note that 
synchronization appears not to involve 
cell cycle regulation, since preemer- 
gence development in Artemia occurs 
without cell division (9). 

Because C 0 2  is an important metabol- 
ic intermediate, its inhibitory effect on 
respiration and development cannot be 
unambiguously attributed to its effect on 
pHi. The shell enclosing the Artemia 
embryo is impermeable to agents other 
than low molecular weight gases and 
water (8), thus preventing the use of 
other weak acids or ionophores to acidi- 
fy pHi,  and pHi is effectively indepen- 
dent of buffer p H  for the same reason ( 7 ) .  
However, if aerobic dormancy is due to 
a depression of pHi, then alkalinization 
with a volatile weak base such as NH3 
should terminate aerobic dormancy. Us- 
ing previously described techniques ( 7 ) ,  
we observed that NH3 penetrates the 
cyst shell and alkalinizes anaerobic dor- 
mant cysts: incubation in buffer contain- 
ing NH4C1 (40 mM, p H  8.5) increases 
pHi by about 0.9 unit. When aerobic 
dormant embryos are first incubated for 
20 hours in this same buffer and then 
transferred to a medium without NH3 
(Table I), 33 percent hatch normally to 
yield free-swimming nauplius larvae, 
while < 5 percent of control embryos 
(without NH3) hatch during the same 
interval [P < 0.005, t(4) = 22.21. Aero- 
bic dormant cysts activated by the con- 
ventional method (desiccation and rehy- 
dration) display significantly lower 
hatchability than NH3-activated cysts 
[P < 0.05), t(4) = 2.61, but the desicca- 

tion technique used probably was not 
optimal (10). In otherwise similar experi- 
ments in which cysts are continuously 
incubated in NH4Cl, preemergence de- 
velopment is similarly activated, but all 
embryos died before release from the 
hatching membrane [E2 stage (8)l. Why 
NH3 or NH4+ are toxic during hatching 
(but not before) is unclear, but we note 
that many metabolic characteristics of 
the embryo change at this point in devel- 
opment-for example, cell division re- 
commences at this time (9) and diguano- - 
sine tetraphosphate utilization, which 
has an acidic pH optimum (II) ,  increases 
(12) .  

We conclude that large pHi changes 
similar to those accompanying reversible 
anaerobic dormancy-aerobic develop- 
ment transitions in Artemia also play a 
fundamental role in the regulation of 
aerobic dormancy. We cannot yet direct- 
ly determine the pHi of aerobic dormant 
embryos, which are not readily available 

Incubation time (hours) 

Fig. 2. Inhibition and synchronization of de- 
velopment by acidification of pH, with CO,. 
Desiccated cysts were hydrated on ice and 
incubated at room temperature for 110 hours 
under gas mixtures composed of 40 percent 
0, and either 11 percent (closed circles) or 60 
percent (open circles) C02,  the balance being 
N2; note that no hatching occurred during 
C 0 2  treatment. The gas phase was then 
changed to 40 percent 0, and 60 percent N2 at 
time zero. Controls were incubated only un- 
der this second gas mixture (dashed line, data 
points omitted). Each point is the mean of 
four counts of 100 to 200 cysts each and bars 
represent two standard errors of the mean 
(171. 



in the large quantities required by the 
NMR technique. Nevertheless, our ob- 
servation that manipulation o f  pHi with a 
weak acid or base respectively imposes 
or terminates aerobic dormancy indi- 
cates that pHi is a primary effector of  
metabolism (and, thus, development) in 
the Artemia gastrula as it is in the fertil- 
ized sea urchin egg. This may have prac- 
,tical consequences for investigators who 
use the isolated transcriptional or trans- 
lational machinery of  Artemia cysts at 
arbitrary pH values, as well as for aqua- 
culturalists, for whom the hatchability o f  
Artemia cysts is o f  economic concern. 
Our observations also expand on the role 
for pHi as a regulator o f  development as 
understood from studies of  sea urchin 
fertilization and bacterial spore germina- 
tion. In the Artemia embryo, but not in 
the urchin egg (1, 2) or bacterial spore 
(6),  alkalinization alone is sufficient to 
evoke normal metabolism and comple- 
tion of the suspended developmental 
program, indicating that pHi is a primary 
effector of  dormancy in this multicellular 
system. 

The regulation of  two rather different 
forms of  dormancy by pHi in organisms 
as distantly related as echinoderms and 
crustaceans raises the possibility that 
pHi may play a role in the regulation o f  
other hypometabolic states (for example, 
the diapause of many other arthropods, 
the dormancy o f  plant seeds, or the 
hibernation of  mammals) (13). All known 
instances o f  pHi changes accompanying 
metabolic activation involve alkaliniza- 
tions ( I# ) ,  the relative magnitudes of  
which appear to be directly related to the 
relative increases in the metabolic rate 
achieved (15). Our observations on Arte- 
mia embryos, which combine a large 
physiologically significant increase in 
pHi with a pronounced metabolic activa- 
tion, extend these correlations. Indeed, 
the intimate participation of  protons in 
numerous aspects of  energy metabolism 
suggests that pHi may be a primitive and 
fundamental indicator of  cellular energy 
balance, accounting for its increasingly 
apparent utility as a pleiotropic regulator 
of  metabolism and development (1). 
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Depletion of Intracellular Polyamines May Alter 
DNA Conformation in 9L Rat Brain Tumor Cells 

Abstract. Depletion ofpolyamines in 9L rat brain tumor cells by treatment with a- 
difluoromethylornithine dramatically altered DNA conformation as measured by 
viscoelastometry. The reduction of intracellular putrescine and spermidine concen- 
trations to less than 5 percent of their concentrations in control cells decreased the 
sensitivity of 9L cell DNA to x-irradiation and increased the maximum viscoelastic 
retardation time of the DNA. Both of these phenomena were reversed by addition of 
exogenous putrescine. 

The polycationic aliphatic amines pu- 
trescine, spermidine, and spermine are 
present in all eukaryotes and are essen- 
tial for the growth o f  both normal and 
neoplastic tissue (1). Polyamines can 
cause cell-free DNA to condense into 
compact structures (2) and are involved 
in the packing o f  DNA in T7 and h phage 
heads (3). Polyamines protect DNA from 
methylation (4), enzymatic degradation 
(3, and thermal- or x-ray-induced dena- 
turation (6). Little is known, however, 
about the effects o f  polyamines on the 
conformation and structure of mammali- 
an cell DNA. 

W e  have reported that depletion of  
intracellular polyamines in 9L rat brain 
tumor cells by treatment with a-difluoro- 
methylornithine (DFMO), an enzyme- 
activated, irreversible inhibitor o f  the 
polyamine biosynthetic enzyme orni- 
thine decarboxylase (7), increases the 
cytotoxicity of  chloroethylnitrosoureas 
(CENU's) (8), antitumor agents that al- 
kylate and cross-link DNA (9),  and de- 
creases the cytotoxicity o f  the cross- 
linking agent cis-diaminodichloropla- 
tinum I 1  (cis-platinum) (10). W e  have 
speculated that polyamine-related desta- 
bilization o f  the helical structure of DNA 
changes the spatial orientation of  DNA 
nucleophilic sites in such a way that 
reactions with CENU-reactive moieties 

are increased-probably by increasing 
the number of  interstrand cross-links- 
and that displacement reactions on plati- 
num, which form both inter- and intra- 
strand cross-links, are made less favor- 
able (10). Using the sister chromatid 
exchange assay, we have shown that 
DFMO-induced polyamine depletion al- 
ters the induction o f  damage to chromo- 
somes caused by these cytotoxic agents 
(11). Aberrations in a polyamine-deplet- 
ed Chinese hamster ovary cell line grown 
in the absence of  polyamines have been 
described (12). Our experiments on the 
effects o f  DFMO-induced polyamine de- 
pletion on the viscoelasticity o f  DNA 
from 9L rat brain tumor cells were con- 
ducted to define more fully the effects 
that polyamine depletion may have on 
DNA structure. 

Viscoelastometry, developed by 
Zimm and his co-workers (13), is a hy- 
drodynamic technique that measures the 
recovery, or recoil, from a shear-induced 
strain in solutions of  high molecular 
weight polymers such as DNA. In prac- 
tice, a solution of  DNA to be analyzed is 
placed in the region between the surfaces 
of  two concentrically placed cylinders. 
The inner cylinder is rotated through a 
specific angular displacement by an ex- 
ternally applied electromagnetic torque. 
When the applied torque is removed, the 




