Anacrobic Dormancy Quantified in Artemia Embryos:
A Calorimetric Test of the Control Mechanism

Sreves C, Hamn ann Erici GHAIGER

Continpous measurement of hest dissipation from brine shrimp embryos during
reversible transitions from aerobic development to anaerobic dormancy demonstrates
a primary role for intracellular pH (pH) in this metabolic switching, Artificially

clev

ating the depressed pH; during anoxia by adding ammonia markedly reactivates

metabolism, as judged by increases in heat dissipation, rrehalose catabolism, and the
ratio of adenosine triphosphate to adenosine diphosphate. Encrgy flow during
anaerobic dormancy is suppressed to 2.4 percent of acrobic values, which s the lowest
percenrage thos far reported for euryoxic animals. Use of diguanosine tetraphosphane
stores cannot account for this observed hear dissipation. Thus, mobilizing trace
amounts of trehalose may explain the energy metabolism during guicscence.

UIESCENT, RESTIMOG PORME ARE

comimon  during  the cardy  life

stappes of numenous organisms ()
ad, in soame taea, even mature adults can
eiter sich hypometabolic states (2, The
bircad |.'l|r§,-|.-:|g;|:n|.1||.' distribmigion of QT
iisms with this ability suggests the existence
ol fusdamental mechanisms for reversible
suppression of metabolism and  develop-
ment. But with few exceptions, awr under-
standing of the regulation of these periods
al’ dumum}'. which occir FERpOIGE 10
harsh ervimnmental condstions, s h..:kjng.
By using microcalonmetry (), we have
made a direct rest of the proposed role of
inerasellular pH () in metabolic switch
ing in brine shrimp embryos and have ol
tained new information quantifiang the de-
gree ol mesetalsalie armest durmg anaerodic
darmancy,

During the bife cyele of the brine shrimp
Arteruia, the development of postdiapause
EIIIIII'!,'IJI [ug,-:.l:] I sC LIS il||:rr|.||!1|:|,:d Ir}'
anacrobic dormancy, an extreme state of
4.]|.1i|.'5.-.n||:|,' uncler environmentsl anoxis, As
reviewed elsewhere (4. 51, reversible shifts
from acrobic development o anaerobic dos-
maney in wydreed gasorubestage embryos
are charscterized by cessation of carbohy-
drace merabodism (8, 7) and by intracellulas
acidlification from pH = 7.9 to as low a5 6.3
(#]. In the laboratory, artificial scidilicanson
of the pH; of acrobically developing cysts to
6.8 by cxposure 1o elevated levels of CO;y
induces a quiescent condition {acrebic aci-
dhosis ) comparable 1o snserobic dosmancy,
a5 udged by several indicators (7, @, 10).
Recent evidence for pH-induced blodkage of
the catabolic pathway for mehalose (7] and
for the kinetic and serucneral sensitivity of
brine shrimg trehalase oo pH (1) further
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h|1|.1|||.'.1.11:: I|!l| [| &N a ITHI.I'.I‘I.II![ of Elsese Aseta-
balic transitions,

Herwever, key dquestions remiain regarding
the regulation of this metabolic swatching,
What influcnee does modulasion of embirve
PH; have on energy metabolism during an-
scrobic dormancy? IF the shurdown of ener-
E}'JI'II:HIbL'IL‘iS!'I!I wisider anowia 1% indeesd due we
intracellualar acidification, then articial alka-
lintzation in the absence of oavgen would be
expectesd o cause an elevation of metabo-
lisma. An affirmarive result s important in
d.n'r'u:m.'.l:ra.r.ing a rl,'gul:u;rjr}' mile for PH;
during ancwia, bue, until mow, & direce ape

to this pomt has not been expers
mentally feasible, To whar degree is toal
metabolic rate of Arvtemin embrvos supe
pressed during quiescence? In the hvdraged
state, one winsld expect some mininial kevel
of metabaolism to ooour in cysts o provide
for cellular mainmenance (for example, [NA
repair and procein and membrane amover).
Such information would provide a berter
estimate of the energy requirements for
misintenance-level  fastion i cukanvotic
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cells, Finally, whar is the identiy of the
sLilsrate (T HIII".'II:E.I."I:!] m“‘h:rrring thee ""|'.h:i-
liae |IH].'II!“ metabolizm? The 1N‘||:i|.1riur| ol
microcakormmetry, couplad with resparomet-
rie anl l'l-:u'u.lhrlhuil rasuremiciats, aforls
an opportunicy o address these points,

The instrumentation we used for open-
fhow microcalorimery and respiromerry (4,
12, 13} aned the methods for emibryo prepa-
ration |7} have been described. Figure |
shiows that a continpous increase i hea
ahissipation ocourred in the Arfemia embryos
during che first 7 howrs of acrobic develop-
e, after whach a steady seate was reacled
[hour 7w 9}, This parern was reflecred in
the oxygen consumpoion values obtaimed
simultaneously, At seady state, the heu
dissipared per unit of oxvgen consumed was
=495 k]l Ok, i close agreement with
the theorerical owvealoric  equivalent of
=478 kl/mel Oz for catabolism of carbohy
drate under these conditions {14). Trehalose
i the exclusive catalsalic fuel used by these
embryos  during  precmergence  develop-
mient, aned net changes in protein and lpid
levels do mot occur (I5). Hear dissiparson
deereased |'|r|.*1.'i|'r'ir|1|.1'|[1_.' 1.1|.1r.i|1ﬂ serabic ace-
dosis (Fig. 1), reaching a minimum value
aftcr 8 howurs that was only 9% of control.
Osygen consumption  decreased  simulta-
neodisly [oonsistent with data in (9] result-
g in A calorimensic-respiromenric ratio of
—481 kMol Oy Since this ramo did o
inerease during acrofae acikdonis, ponossda:
mive metabolism was not stimulated o com-
pensate fior this suppression of agrobic me
rakolism.

Uninterrupted measurement of metalssic
hear dissipation dunng ransitons from acno-
b o amacrobic states allowed s o quantfe
the actual depression of energy flow under
anacrobic dormancy. An inemediaee drop in
hizar linsa s acviarred upsy the removal of

Fig. 1. Contmuous re-
cord of hear dissiparion
by Artemin ornbryos due-
g acrobs deve kg
fhouar O o 9, acrobs
acichoain  (hiar 9 o
173), and mecowry
(hoaar L7.5 m 19, Em
Brvos froin the Cieea
sk %alt Lake, Ueah, were
pl:ri'u:rd (8.5 mbhor)
in DLIEM MaCl o 38%
throughout the cxpenr-
rment, Inset depiices thwe
Af-ml pertusion chany
ber alapbed £ ensure
anlform  flow  shrough
the sample of cndbryos

L] 13 L
Incubsiion time (hours)

(76 m L mg dry
welght) and nomial de-
weksprment ursler acrobuc
coliiony (81, Haih:

abbiny o' eysis was &% based on & separae srudy (28, The saindess speel chamber was cougpled po the

respirometer with staindess steel capillanes.
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onvgen (Fig. 2). Afier 4 hours of anserobic
dommancy, the rate declined o 2.4 = 0.4%

[S03) et controls i three experiments (oo of

which are shown m Fig. 2). Compared o
oahier euryosic fvertelwates, this is the kowvest
percentage so far reported (33, The quantita-
tive relation between calormctric and bio-
ehremiical measures of metabolic rate depends
on the operative anacrobic pathways (3). IF
ane considers that anovia can be wolerared by
Artewmia embryos for weeks (6), the heat
dissiparion wie measured  during anacrolsic
dormancy 0,13 pW per million oells; {16)]
probably reflecss maintenance-level metalw
lism for these cukaryotic cells. For compan-
son, the scrobic rase of Artemin emibrvos is
5.4 pW per million cells. Human T bmpho-
ma cells in suspersion exhibit an sverage vahie
of 7.5 £ (ut (SD) phv per million cells ag
aTC (I7).

I decline of gH; is the primary regulanory

miechanism bor these transiesons, then artifi-
cial alkalinization of pH; during anaerobic
dormancy should elevate the anaxic energy
fkwr, resulting in a state of “acnivared anoi-
Iriosds,™ After o eransition o perfusion con-
ditions with ammonia (hour 9.5 w 12, Fig.
2} knewn to alkalinize anserobic pH; (18), a
fivefold increase in beat dissipation oocurred
(hour 10LG o 12), Since oxygen was pot
present tor mirchondrial-based merabolism
during this trestment, an increass in heat
dissipation ro control {aerobic) levels was
not expected. Blank experiments (no orga-
nisms in the messuring chamber) pave mabde
baselines across these fransitions, demon-
seraning thae the changes in hear dissipation
were mot a resule of exothermic minng of
the o perfusion media, After swirching 1o
anoxic perfusion conditions with ammonia,
a small pulse of cayeen was recorded in the
inflow. This oxygen uptake can quantizative-

L H, i Ry

Flg. 2. Superi fTeree] M0,
of rwo indeper cxperi: : [ s 0
sersts shiswan g hean dissipa:

o of Amewe cmbeoyos i
during srobic development
(hesue @1 es 583 gnd anosis
(hour 5.5 po 13). Dusing 3
the comstinueus period of an.
wuia, the acklotic supe of
araerohic dormancy (hour
5.5 1o WA wan ltermipees
with the acklition of ammo-
nia, which serves to alkalin
it pH, This periced of acel-
vared aroxibiasis (o 9.5 E
o L) was reversed by the
removal of ansmonia {hidar
12 v L3). The recsvery re- s

e

sponse (henar 13 o 16} o
:L.mtn:l a repradochble bi- : A

phasic  paetern. The inser
cumiraits this recoy
apaenabi dormancy alone (b). The

0,080 tricine, an

L] L] L] 1] 14 1]
Imzubation Hime (Rours)

¢ paiern fa) eo char obeervedd afber exposure b a shoeeened (8:hour) prericed of
rfiasion medium comsisted of .0 NaiZland 0054 meine (pH
8.5} cauept during activated ancxibiasis, where the

ition af the medium was O 1AM Mall,

IO NHLEL For Further experimental detils sec legend oo Fig. 1.

Flg. 3 High resslunan of
thie Bimie cowrse of hear dizsd-
jraticin during I|:|H-|.|'uj.|.|.-v.-.||
metabalic fransivions in Ar-
trmiw  cmbiryos, Suptnm-
|.'~|r|n| irdes [mom iwo ex-
pETIMENES ane senred for
cach of ihe fi win! oiteli-
sl acrobes acidosis [« )
amd  anzerohic -d,n:.rrrmT
(=] Heat dissipation s
caloalined as percert of the
acrohic control prior o each
traiasticni. Tinwe couese for
waihiout of exygm From the ap |
perfusion  sytem after
switehing fo asosic medium
i depscted by the domed

180

s

130 Pawer an
Ga

hine. The inser shows tee a
MEurky of fme resalution
for the calorimesry signal
achicved by oorrectng fore
irstresmental lag (29).
repiresent & | H‘) (i = 1.

14265
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Time aftar frapailicn (minubaa)

irternal calibration heaser was acrivared ar time O (= Power on™). Verrical bars

ly explain the small overshoor of hear dissi-
pation af the beginning of activated anosxi-
biosis. Pruring anexic steady stares, oxvgen
diffiusson into the system was extremely bow
(rypically belosy 0.5% air samuration), Ths,
elevating the gH; of embryos during strict
anceka (19 promwoted 3 marked deinhibi-
eon of metabolic rare,

The micracalorimetric data were suppore.
ed by a parallel series of experiments in
which selecred metabolites were measured,
Trehalose wtilizaron, which is blocked dur-
ing anaerobic domancy (6, 7, was reinitiac-
ed wpon addition of ammonia under anoxia
I:'J._E.bl'l' 11. The observatiom is pn::l'.ubl:r [ o]
plained by deinhibition of trehalase (11,
Relative oo levels during anaerobic dorman-
o, concenirations of adenosine triphaos-
phate (ATP) increased approximarely 50%
during activated anoxibiosis, as did the ragio
aff ATE o adencsine d.jphl:lsplu.l_'t (ADDP).
Also, there s an increase in the ratio of
glucose-6- phosphate: glucose, suggesting par-
tial deinhibition of the hesokinase reaction
s

Previous workers have suggested that en-
ergy bor cellular mabntenance during anaceos
bic dormancy comes from the catabolism
of an unwsual nucleogide found in At
volk platelets—diguanosine retraphosphare
(Gl (20), Until now, it had sot been
establishedd whether GpuG urilization is suf-
ficient to account for the level of energy
merabolism  under  these  condivions  or
wheether there arc other bioenergetic contri-
butions. Metabolism of Gpyli proceeds ar a
rate of approximarely 0.58 pmol per hour
per gram ey weight during anaerobie dor-
mancy at 25°C (200, If we assume complete
catabiolisny of Gpats wia the pathway de
soribed by Denbos and  Finamore {21
[Gpald + addenosine = ApyG 4 guanosing
Apsla — AT + guancsine monophosphate
{(GMT); ATT == adenosine monophosphate
(AMP);, AMP = adenosine], the cilore
equivalent of the process at pH 6.5 and pMp
2.5 would be approximately = 140 klimol
GG (22), Thus, the expected heat dissipa-
v derived from GpgG metabolism under
anaerobic dormancy would be 0002 mW
per gram of dry oyst, a8 compared o our
lowest value of 0,12 mW/g. Interbarch var-
ability of cvsts might explain part of the
discrepancy, But based on these values,
Cipuls metaboliam can scoount for < 2% of
the olserved hest dissipation from A
emhryos, We s t that a more likely
caplanation for this mwetabolie rate is the
catabolism of trace amounts of trehalose,
Although a decline in trehalose cannaot be
detected after several hours of anacrobic
doemancy (Tabde 1) (6, 7, the amesunt
required o explain the hear dissipation is
within the emmoar of the assay,
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Tabla 1. [:I'l.a.nln in selecied mwetabslige bevels gl raisos in Arfesie einbieyos |l-||rin; 1 2,5-hour
incubativns, Afer an imitial &-hoar period of srohic (60 By (i ), condstions were
swirched o anaerobic dimmancy (1 M3l After hour 10, NHLCL (40 mM final concengration] was

ackiled po ihe ancwse lasks, ad iubation continued wnder usaerobs conditions trough hour 125,

Values are mcans = SEM for three independent samaples. Anabyses were performed as provioushy
ilescribed (7).
Trehalome Celyeogen Ghacoic-b
4 {jarnisd ATP T [l 1| ]
oot G5 G w3 ek
LI'm my proteing LUimg i
[reeaing |1mlnn]
Asihic
-|J:|:Hh|u'nn1l
a 242002 054 =002 01490010 0166 = 0002 O.050x0.003
f 194 £ 00F 50902003 150 £0078 0323 £ 0003 0236+ 0,003
Anaerubic
dormancy
1] 201 £ 004 0842 000 1% £ 0018 0336 0007 0.0 & 0,002
Activancd
annxibinsis
il 40 mY
NHALT)
10,5 .74 2001 1.3 z002 0IE3 0018 035] £ 0008 0.030 + 0.002
125 L7k 003 108+ 003 0806 & 0013 0326 « 0008 0000 & 0,000

Based on thenmochemisery, 2 second
poing fo mote is that the orehalose utilization
measured during activated anoxibiosis (Ta-
ble 1, hour 10 to 12.5) 15 sufficient to
sccoaint For the total lieat dissipation by de
embryvos duning this period, IF trehakose is
metabolized completely 1o succinate or pro-
pil:_rn:l': qﬂu .a-l.:rl.u.l t!l'.ll] Fn:rrJuﬂ'I:t are anh-
known), the expected beat dissipated would
conservatively be L4 mW per gram of dry
ovar (3], eompared to our observed rate of
0.9 e 1.0 mWig (Fig. 2). This observation
i taken as additional evidence that artificial
alkalimization uncler anoxia serves io reinit-
ae trehalose merabaodism,

The rates and profiles of these merabolic
transitions suggest several poines about the
msshaniams mvolved, Kineoe data isdicate
that 0% of the metabolic depression that
cecurs after onset ol aerobic acidosis i
complete within 5 minutes (Fig. 35, Transi-
tiare info anaerobic dopmancy are some-
what slower for at least three reasons,
Whereas AT levels remain constant under
aerobic acidosis (7), decreases in ATP con-
rribure 6% of the toral hear dissipation
during thie inigal Abmimate transition ini
anowia, In conerast o aerobic ackdosis where
the pl; decline is rapid (exogenously con-
molled with ©0y), che phl; shift during
anaerobic dormancy s mceabolically  pros
duced and consequently slower (5}, Also, in
wvitro clara showed dhat inhibiton of brine
shrimp trehalase by gH s hysteretic (11},
imvolving a time-dependent change in as-
sembly stave, For the artificial seate of aceo-
bic acidosis, where the level of the inhibitory
effeceoe ATP is muaineained high, the hyseer-
esis may be less pronounced, Interestinghy,
the kisctics af the redovery from anacrobs
dormancy are ot keast biphasic (Fig. 2, -

13 MARCH 1udd

set]. This biphasic patern s compleeely
absent during recovery from acrobic acidosis
(Fig. 1). One possible explanation is thar the
first phase may be a result of serobic pro-
censing of metabolic end products, whercas
the second phase may represent the hysteret-
i mudslization of trehakse,

Whether pH; serves as an inibiator of
metabolic switching in other organisms is
meat known, Other regulatory events may
operate abone ar in concert with H7, inchad.
ing, for example, encyme covalent meodifics-
tion (23], changes in allosteric effector cone
condrations (M), or reversthle asocations of
eneymes with oytoskeletal elements (25)
Acicdic pHy s not regquired for madntaining
diapause in Arfemra cysts (267, Bur in post:
dispause embryos, all Biochemical, metabol-
ic, and pH; daga indicate thar H™ reversibly
initiakes the metabolic shutdown during an:
aerobic dormancy, a proposal forwarded by
Busa and Crowe (#), The effect s indepen:
dent of adenylate energy charge (7} and can
provide a powerful means of integrating
EIIIE.'I.'IH! :|.|.‘||.1 i:q'_gﬂ!ﬂﬂl: l"l.llht'l.iun 1Ju1 nh.}'
share no other common effector (4, 271,
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