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Calcium mobilization by angiotensin II and neurotransmitter 
receptors expressed in Xenopus laevis oocytes 
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Specific receptors for angiotensin II (AII) were expressed in albino Xenopus laevis oocytes co-injected with poly(A) ÷ 
mRNA isolated from rat adrenal cortex and the calcium-specific photoprotein, aequorin. In such oocytes, AII elicited" 
rapid, dose-dependent rises in cytosolic free calcium with light emission responses up to 100-fold above basal levels. Li- 
gand-induced light emission was also observed in oocytes injected with rat brain mRNA and stimulated with acetylcholine 
and glutamate. These findings demonstrate that mammalian AII receptors expressed in Xenopus oocytes are functionally 
linked to intracellular Ca z+ mobilization, and indicate the potential value of aequorin-injected oocytes for rapid and spe- 

cific screening of mRNAs transcribed from expression libraries containing cloned receptor cDNAs. 
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1. I N T R O D U C T I O N  

Ang io tens in  II (AII)  exerts ca lc ium-dependent  
regula tory  actions in numerous  target tissues in- 
c luding  the adrenal ,  liver, pi tui tary,  smooth  mus-  
cle, heart ,  bra in ,  and  kidney [1]. M a n y  of  A I I ' s  
diverse effects are related to cardiovascular  regula- 
t ion  and  fluid homeostasis .  Studies on  the 
molecular  mechanisms of  act ion of  AI I  and  other  
pept ide hormones  would  be facilitated by the use 
of X e n o p u s  laevis oocytes as a t rans la t ion  vehicle 
[2] for expressing the homologous  receptors f rom 
exogenous mRNAs .  

We recently demons t ra ted  that  X e n o p u s  oocytes 
in jected with bovine  adrenal  m R N A  express func-  
t iona l  AI I  receptors which u p o n  b ind ing  AI I  trig- 
ger the hydrolysis of phosphat idyl inos i to l  
4 ,5-bisphosphate  by phosphol ipase  C to yield in- 
ositol 1,4,5-tr isphosphate (InsP3) and  diacylgly- 
cerol [3]. Since InsP3 genera t ion  is regarded as the 

2+ t p r imary  mechanism by which Ca -dependen hor- 
mones  and  neuro t ransmi t te rs  ini t iate calcium 
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mobi l i za t ion  [4], we investigated the abili ty of  ex- 
ogenous  AI I  receptors to elevate cytosolic calcium 
([Ca2+]i) upon AII  s t imula t ion  using the 
Ca2+-specific pho topro te in ,  aequor in  [5]. 

2. E X P E R I M E N T A L  

RNA was extracted from rat adrenal cortex and rat brain and 
poly(A)+-selected prior to injection into albino X. laevis 
oocytes by previously described methods [3]. Total mRNA (2 
/~g//A) was resuspended with aequorin (2/zg//A) in Ca2+-free 
water (prepared by passing doubly deionized water over a 
Chelex 100 chelating resin) at a 1:1 ratio and injected into the 
oocyte cytoplasm (50 nl/oocyte). Injected oocytes were in- 
cubated at 18 °C in modified Barth's medium [82.5 mM NaCl, 
2.5 mM KC1, 1 mM MgC12, 1 mM CaCl2, 5 mM Hepes, pH 8, 
1 mM sodium phosphate; pH 7.8] supplemented with aprotinin 
(100 kallikrein units/ml) for three days. CaE+-free modified 
Barth's medium was prepared by substituting CaC12 with 
MgCl2 and supplementing the buffer with 200,uM EGTA. The 
number of photons emitted per 6 s intervals from aequorin- 
injected oocytes was measured in a liquid scintillation counter 
(Beckman model LS250) with the coincidence gate switched off. 

3. R E S U L T S  A N D  D I S C U S S I O N  

Examples  of  AII -evoked  increases in light emis- 
s ion in oocytes co-injected with rat adrenal  cortex 
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m R N A  and aequorin are illustrated by the three 
experiments shown in f ig. lA. The magnitude of  
the All-induced [Ca2+]i response was variable be- 
tween individual oocytes, probably reflecting dif- 
ferences in the degree of oocyte integrity and/or  
the levels of  functional receptor expression. 
However, out of  156 oocytes examined, more than 
70°7o responded to All  with rapid increases in 
[Ca2+]i within 2 min, followed by a second phase 
with a gradual return to basal levels over the subse- 
quent 10-15 min. The initial lag time before 
reaching maximum light emission was related to 
the magnitude of  the response in that the largest in- 
creases (82 +_ 9.7-fold were reached at 0.6 min 
while smaller responses (2.3 + 0.5-fold) occurred 
significantly later (1.4 min). These results are con- 
sistent with the characteristics of  AII-induced Ca 2+ 
mobilization in adrenal zona glomerulosa cells [6]. 

Fig. IB illustrates the effect of extracellular Ca 2÷ 
depletion on Ca 2÷ mobilization and light emission 
induced by All .  While the initial peak response 
was not significantly affected by the absence of ex- 
tracellular Ca 2÷, the return to basal levels was ac- 
celerated due to loss of  the slower phase of the 
response. These data suggest that the role of ex- 
tracellular Ca 2÷ in Al l  action is related to calcium 
influx subsequent to the initial peak of mobiliza- 
tion from intracellular stores, in accordance with 
Al i ' s  effects on Ca 2+ mobilization in bovine 
adrenal glomerulosa cells [7]. 

The maximum peak height of  the light response 
was dependent on the dose of  All  (fig.2), with 
threshold responses (2 × basal) at 10 -7 M and max- 
imum responses (50x basal) at 10 -5 M AII.  In 
adrenal cells labeled with quin-2, minimum Ca 2÷ 
responses to Al l  were elicited by 10 -1° M All ,  and 
maximum responses ~by 10 -7  M All  [8]. This dif- 
ference in the sensitivity to Al l  between the 
adrenal receptors expressed in the two cell types 
may reflect differences in species, receptor-effector 
coupling, membrane environments, and post- 
translational processing of  the receptor. The pre- 
sent Al l  dose-response data are consistent with 
those obtained by electrophysiological analysis of  
Al l  receptor expression in mRNA-injected oocytes 
[9,10l. 

The receptor-specific All  antagonist, [Sar 1, 
AIaS]AII, blocked the calcium-mobilizing effect of  
500 nM All  and did not itself elicit a Ca z÷ 
response. However, after extensive washing the 
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Fig.1. Time course of All-evoked changes in light emission. 
Three representative examples are shown of data from oocytes 
stimulated with 1 gM All in the presence (A) and absence (B) 
of extracellular calcium after co-injection with rat adrenal 

mRNA and aequorin 3 days previously. 

same oocytes responded to AII  with 10 _ 2-fold 
(n = 5) increases in maximum peak light emission 
(fig.3). 

Control oocytes injected with aequorin alone did 
not respond to 1/zM of All ,  although 10/zM All  
occasionally elicited 2-4-fold increases in the max- 
imum peak light emission in control oocytes ex- 
amined on 1 day but not 3 days after aequorin 
injection. This indication of  the presence of  sparse 
endogenous Al l  receptors in the oocyte is consis- 
tent with reports of All  receptors in the mam- 
malian ovary [11], where their possible function is 
indicated by the recent report that intraperitoneal 
injection of  an Al l  antagonist inhibited ovulation 
in rats [12]. 

To compare Al i ' s  effects with those of 
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Fig.2. Dose-dependent stimulation of peak light intensity by in- 
creasing concentrations of All. Each point represents the mean 

+ SE of data from 5-10 oocytes. 

Ca2÷-mobi l i z ing  neuro t r ansmi t t e r s ,  we examined  
the [Ca2+]i response  to  ace ty lchol ine  (100/zM) and  
g l u t a m a t e  (100/~M) in oocytes  in jec ted  with ra t  
b r a i n  m R N A  (table  1). Ace ty lcho l ine  (ACh)  and  
g l u t a m a t e  (Glu)  also el ici ted m a j o r  increases in 
l ight  emiss ion  (5-15 x basal) ,  cons is tent  with re- 
cent  evidence tha t  b ind ing  o f  these l igands  to  their  
respect ive  recep tors  in the oocyte  leads to the for-  
m a t i o n  o f  InsP3 [13,14]. Table  1 i l lustrates  the ef- 
fect  o f  ex t race l lu lar  Ca  2+ dep le t ion  on  Ca  2+ 
mob i l i z a t i on  and  l ight emiss ion  induced  by  A C h  
and  Glu .  The  m a x i m u m  peak  l ight response  was 
no t  s igni f icant ly  a f fec ted  by  the absence  o f  ex- 
t r ace l lu la r  Ca  2+ , ind ica t ing  tha t  mob i l i za t i on  o f  in- 
t r ace l lu la r  pools  was p r imar i l y  respons ib le  for  the 
l i gand- induced  response .  T a k e n  together ,  these 
f indings  c lear ly  i l lus t ra te  the  abi l i ty  o f  aequor in -  
in jec ted  oocytes  to assess the ac t iva t ion  o f  ex- 
ogenous  receptors  by  CaZ+-mobi l iz ing h o r m o n e s  
and  neuro t r ansmi t t e r s .  

By di rec t ly  measur ing  l ight  responses  resul t ing 
f r o m  changes  in in t race l lu la r  Ca  2+ levels,  we have 
shown tha t  exogenous  A l l  receptors  expressed in 
the  oocy te  are  coup led  to Ca  2+ mob i l i za t i on  with 
p rope r t i e s  s imi lar  to those  o f  the  nat ive  receptor .  
Recent ly ,  oocytes  in jec ted  with m R N A  f rom rat  
b ra in ,  ra t  l iver and  bovine  adrena l  have been 
shown to r e spond  to A I I  by  changes  in Ca  2+ eff lux 
[15] and  in m e m b r a n e  po ten t i a l  and  cur ren t  [9,10]. 
These  e lec t rophys io log ica l  responses  were at-  
t r i bu ted  to inward  ch lor ide  currents ,  but  the  la t ter  

Fig.3. Antagonist blockade of All-induced changes in light 
emission. The time course of light emission is representative of 
responses in 5 co-injected oocytes treated individually with 
[Sar~,AlaS]All (5/~M) followed by 500 nM All, then washed for 

1 h and exposed to another pulse of 500 nM All. 

were not  shown to be independen t  o f  ex t race l lu lar  
Ca  2÷. The  d e m o n s t r a t i o n  o f  Ca2+- independent  
ch lor ide  currents  in the oocy te  [16] makes  the  
direct  eva lua t ion  o f  [Ca2+]i changes  impera t ive  to  
a full  unde r s t and ing  o f  the  mechan i sms  governing  
the responses  to ac t iva t ion  o f  exogenous  A l l  
receptors .  

Direc t  analysis  o f  [Ca2÷]i changes  in oocytes  not  
on ly  permi t s  analysis  at  the single cell level o f  
r ecep to r  coupl ing  to Ca 2÷ mobi l i za t ion ,  but  also 
p rov ides  a r ap id  and  specific assay  for  c loning 
Ca2+-mobi l iz ing  h o r m o n e s  and  neuro t ransmi t t e r s .  

Table 1 

Ligand-stimulated peak light emission from oocytes injected 
with rat brain mRNA and stimulated with 100/~M acetylcholine 
(ACh) or 100/~M glutamate (Glu) in the presence or absence of 

extracellular Ca 2+ (Ca2+)e 

Light emission (photons × 10-3/s) 

+ (Ca2+)~ - (CaZ+)e 

Ligand Basal Peak Basal Peak 

ACh 1.2 _+ 0.1 16.6 + 4.1 1.6 _+ 0.1 15.0 + 4.3 
Glu 1.2 + 0.2 18.4 _+ 4.2 1.1 _+ 0.2 13.1 + 2.9 

The magnitudes of the light responses to the neurotransmitters 
did not change significantly in the absence of (Ca2+)e. Each 
value represents the mean ___ SE of data from 15-20 oocytes. 
No responses to the transmitters were observed under these con- 

ditions in oocytes injected with aequorin alone 
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This  approach  offers several advantages  over assay 
techniques  which are current ly  being used to clone 
Ca 2 +-mobil izing receptors [ 15,17,18]. The present 
me thod  is rapid and  convenient ;  no  radioisotopes 
are required and  no electrophysiological  expertise 
or equ ipmen t  is necessary. 

The f luorescent  indicator  fura-2 was recently 
employed to show that  se ro tonin  5HTtc receptors 
expressed in bra in  mRNA- in j ec t ed  oocytes 
mobi l ize  Ca 2+ in response to serotonin  [19]. For  
this purpose ,  oocytes previously injected with 
m R N A  had to be re-injected on day 3 with fura-2, 
15 min  before fluorescence intensi ty  was  
measured.  The pho topro te in  aequor in ,  because of 
its long half-life, offers the distinct advantage  over 
other  calcium indicators  that  it can be co-injected 
with m R N A  and  remains  available for several 
days. The use of  a single in jec t ion  of  aequor in  with 
the m R N A  is more  convenien t  and  avoids the 
t r aumat ic  na tu re  of double  inject ion.  The 
aequor in- l ight  emission react ion is highly respon- 
sive to changes in Ca 2+ levels because the 
ampl i tude  of  the aequor in  signal is p ropor t iona l  to 
the cube of  the Ca 2+ concen t ra t ion  [5]. Aequor in  
is thus more  sensitive to localized increases in Ca 2+ 
than  l inear indicators  such as quin-2 and fura-2 
which mon i to r  whole cell Ca 2+ [20]. Final ly,  not  
only  can 1 oocyte be screened in less than  5 min,  
bu t  several oocytes f rom the same group can be 
pooled  and  screened at once. 

In  conclus ion,  these results show that  AI I  recep- 
tors expressed f rom m a m m a l i a n  target cell m R N A  
in aequor in -con ta in ing  Xenopus oocytes are func-  
t ional ly  l inked not  only  to phosphoinos i t ide  
hydrolysis  [3] but  also to Ca 2+ mobi l iza t ion,  
s imilar  to nat ive AII  receptors.  The use of this self- 
con ta ined  expression-detect ion system will be par- 
t icular ly sui table for s t ruc ture- func t ion  studies of 
AI I  receptor subtypes and  ul t imately for iden- 
t i f ica t ion and  cloning of  their mRNAs .  This 
system should also be general ly applicable to the 
screening of  m R N A s  produced f rom expression 
l ibraries con ta in ing  cloned cDNAs of  plasma- 
m e m b r a n e  receptors for other  CaZ+-mobilizing 
ho rmones  and  neuro t ransmi t te rs .  
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