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Pretreatment with  pertussis  toxin produced a im- 
pairment of the response to  the  a-adrenergic agonist 
phenylephrine in perfused isolated rat livers.  The sus- 
tained phases of phenylephrine-induced increases  in 
respiration, glucose mobilization, gluconeogenesis, 
vascular  resistance,  and  efflux of H+ and Ca2+ were 
inhibited  to  variable  degrees in livers  from  pertussis 
toxin-treated animals. The susceptibility of such a di- 
versity of receptor-mediated  effects  suggests that a 
common,  most likely early step(s) of the  al-receptor- 
coupled signaling  pathway may be regulated by a per- 
tussis  toxin-sensitive GI protein(s) that  appears  to be 
involved in the  control of the rate of these processes. 
The most significant effect of pertussis toxin has been 
to almost entirely  prevent  the phenylephrine-induced 
sustained  release of Ca2+. Pertussis  toxin also inhibited 
the vasopressin-mediated influx of Ca2+. These find- 
ings  indicate that G proteins associated with  receptor- 
operated calcium channels are a  site of interaction of 
pertussis toxin. 

The following observations  support  the conclusion 
that pertussis  toxin per se does not perturb  the hepatic 
metabolism. Its effects are specifically linked  to func- 
tional responses mediated by al-type  adrenergic recep- 
tors: 1) polypeptide receptor-mediated metabolic ef- 
fects, as those induced by vasopressin,  were not af- 
fected by pertussis  toxin; 2) non-receptor-mediated 
effects, such as fatty acid-induced stimulation of res- 
piration  and gluconeogenesis, were not impaired by 
pertussis  toxin;  and 3) neither  the  hepatic responses to 
a&lonidine) nor  to  fl-(isoproterenol)  adrenergic 
receptor agonists were  altered in livers  from  pertussis 
toxin-treated  rats. 

The  differential  effects of pertussis  toxin  in  the met- 
abolic actions of phenylephrine  and vasopressin, in 
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spite of apparently  similar effects in perturbing  their 
actions on Ca2+ fluxes, suggest that pertussis toxin- 
sensitive  al-receptor-associated G protein(s)  other 
than those controlling Ca2+ channels, were also specif- 
ically affected in the  al-agonist-signaling pathway. 
The  finding that increasing  concentrations of phenyl- 
ephrine  were capable of overcoming these  pertussis 
toxin actions  indicates that al-adrenoreceptors’ ligand 
affinity  is controlled by GI proteins. 

The Ca2+ mobilizing agents, a-adrenergic agonists, and 
vasoactive peptides, among other hormones and cellular ac- 
tivators,  exert  their  actions in controlling cell functions by 
activating the hydrolysis of membrane phospholipids. Two 
obligatory products of the inositol cleavage, inositol-1,4,5-P3 
and diacylglycerol,  show  powerful regulatory effects. Inositol- 
1,4,5-P3 releases Ca2+ from intracellular  stores by interacting 
with specific receptors. This event leads to a rise in the 
cytosolic free concentration of this ion that ultimately affects 
cell functioning by activating Ca2+-dependent enzymes (1-4). 
Diacylglycerol is a powerful activator of protein kinase C that 
controls many cellular functions (5). The relative contribution 
of each signaling pathway to regulate specific cellular proc- 
esses in each type of cell is currently  a  fundamental subject 
of study. A crucial question in  the understanding of hormonal 
signaling is how the interaction of a ligand with its membrane 
receptor leads to activation of membrane phospholipases. 
Guanine nucleotide-binding proteins (G proteins)  are  in- 
volved in the receptor-coupled activation of membrane phos- 
pholipids hydrolysis (6-8). An important tool in determining 
the participation of G  proteins in the receptor-coupled sig- 
naling pathways has been the utilization of bacterial toxins. 
These  toxins catalyze the ADP ribosylation of certain  G 
proteins (9). The exotoxin of the organism Bordetellapertussis 
ribosylates certain G proteins,  prevents the agonist stimula- 
tion of their  GTPase activity, and results in abolition of their 
inhibitory effects. The reported effects of pertussis toxin on 
the action of hormones and cell activators  are variable. In 
liver, early work indicated that pertussis toxin was ineffective 
in  perturbing receptor-coupled functions (10, 11). Reports 
concerning specific effects on the adrenergic receptors are 
conflicting. A decreased affinity of agonists binding to a1 
receptor in liver membranes treated with pertussis toxin has 
been reported, suggesting that G proteins could be involved 
in a1 receptor activation of phospholipase C (12). However, 
other  authors found that pertussis toxin treatment abolished 
the epithelial growth factor-mediated stimulation of Ca2+ 
release and gluconeogenesis in perfused liver (13) as well as 
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in  hepatocytes  (14),  but  not  the  responses  to  the  a-adrenergic 
agonist  phenylephrine.  Furthermore,  transfection  studies 
with  recombinant  receptors  in  cultured cells lacking a recep- 
tors  have  shown  that a2 receptor-mediated  effects  on  adenylyl 
cyclase inhibition  and  on  polyphosphoinositides were  me- 
diated by pertussis  toxin-sensitive G proteins while al recep- 
tor  activation of phospholipase C was  insensitive to  the  toxin 
(15). 

Recent work has  shown  that  a-adrenergic  agonists  stimu- 
lation elicited energetic  and metabolic responses  in  Ca2+- 
loaded  livers (16)  or  isolated cells (17)  in which case a further 
rise  in  free cytosolic  Ca2+ was precluded. Therefore,  although 
physiological concentrations of extracellular Ca2+ are  required 
(13, 18), adrenergic  agonists seem to  activate  some  cellular 
functions, a t  least  partially,  in a Ca2+-independent  manner. 
Preliminary work from  our  laboratory  has  shown that  pertus- 
sis  toxin  impaired  the  effects of phenylephrine  on  hepatic 
carbohydrate  metabolism (39). On  these  grounds,  it was found 
of interest  to  reassess  the role of pertussis-sensitive G proteins 
in  the  transduction of the  a-adrenergic  receptors  signal(s)  in 
an  attempt  to  correlate  the  energetic, metabolic, and iono- 
tropic  responses  mediated by them.  It was assumed that 
qualitative  and/or  quantitative  effects  on  the  different  param- 
eters  studied could  provide  useful information  about the sig- 
naling  pathway followed in  the  a-adrenergic-coupled  activa- 
tion of liver functions.  In  this work  evidence is  presented 
which indicates  that  pertussis  toxin  inhibited  the  al-adrener- 
gic agonist-induced Ca2+  efflux, as well as vasopressin-induced 
inflow of Ca2+; however, only  the metabolic effects  mediated 
by al-adrenergic  receptors were impaired. These  findings 
support  the conclusion that liver membranes possess pertus- 
sis-sensitive  hormone-operated Ca” channels.  It  can  also be 
concluded that a  receptor-specific pertussis  toxin-sensitive G 
protein  is involved in  the metabolic  responses mediated by 
al-adrenergic receptor. In  the  latter case, the  susceptibility  to 
pertussis  toxin of most  functions  studied,  taken  together  with 
the overcoming  effect of increasing  concentrations of a-ago- 
nist, suggests that   an early  event,  presumably  receptor-agonist 
interaction,  might be controlled by a pertussis  toxin-sensitive 
G protein. 

EXPERIMENTAL PROCEDURES 

Animals-Male rats of the  Wistar  strain, 180-220 g in body weight, 
were used in all of the experiments. The animals were maintained 
under controlled conditions of light and temperature and free access 
to food and water. When indicated, the animals were starved 48 h 
prior to their experimental use. 

Pertussis Toxin Treatment and P h m  Membrane Preparation- 
Pertussis  toxin was administered by intraperitoneal injection (50 pg 
of toxin per 100 g of  body weight) 72 h before the experiment was 
performed. Control  animals received an equal volume of saline. Ef- 
fectiveness of the  treatment was assessed by measuringplasma  insulin 
levels, the glycemic response to  an adrenergic agent, and  the  in vitro 
ADP ribosylation of plasma membrane proteins. Hepatic plasma 
membranes were prepared according to  the protocol described by 
Tohkin  et al. (12). ADP ribosylation of membrane proteins was 
carried out  as described by Pobiner  et al. (10). 

Lioer Perfusion-Livers were perfused in  a nonrecirculating system 
with Krebs-Ringer bicarbonate buffer a t  36.5 “C, equilibrated with a 
95:5  0Z:COz mixture and a flow rate of 30 * 2 ml X min”. Under 
basal conditions the outflow perfusate pOz was about 350 mm Hg. 
Details about surgical procedures and perfusion technique were sim- 
ilar to previously described (19). Substrates and agonists were admin- 
istered diluted in the perfusion medium. 

Portal pressure as well as  p02,  pK+, pCa2+, and  pH of the effluent 
perfusate were continuously monitored. A Statham (Spectramed 
Inc.), model P23XL pressure transducer and  an electromanometer 
Hugo Sach Elektronik  (March-Hugstetten, Germany) were used to 
determine portal pressure. Ion-sensitive electrodes were obtained 
from Orion Research. pOz  was measured with a Clark-type platinum 

electrode. The electrodes were individually placed in specially de- 
signed flow-through modules, connected in series, that were located 
near the hepatic outflow. The signals generated by these sensors were 
conditioned and amplified using instruments designed and built at 
the Biomedical Engineering Group of the University of Pennsylvania. 
The analogic data from each sensor was digitalized and acquired into 
a microcomputer spread sheet for its  further analysis and graphic 
representation. Routinely, the livers were  allowed to equilibrate for 
30-45 min, until  constant rates of O2 uptake were attained, before 
any substrate or agonist was added. 

Metabolite  Analysis-Samples of the outflow perfusate were  col- 
lected at 2- or 5-min intervals and analyzed immediately thereafter. 
Metabolites were determined spectrophotometrically by previously 
described enzymatic procedures (20). 

Materials-Most of the reagents were obtained from  Sigma. The 
enzymes were purchased from Boehringer Mannheim. [32P]NAD+ 
was obtained from Du Pont-New  England Nuclear. Pertussis toxin 
was donated by Berna Laboratories (Madrid,  Spain). 

RESULTS 

Assessment of Pertussis  Toxin Treatment Efficacy-The 
efficacy of the  toxin  treatment was  assessed by studying  ADP 
ribosylation of hepatic G proteins. Fig. 1 shows that in  vitro 
ADP ribosylation  was virtually  absent  in  hepatic  plasma 
membranes from pertussis  toxin  treated  rats.  Plasma  insulin 
levels were also  significantly elevated  in pertussis  toxin 
treated  rats (42 f 4 units/ml  control versus 200 f 5 units/ml 
pertussis  toxin;  means of a t  least five determinations  in each 
group f S.E.). In  control  animals,  the  administration of 
epinephrine (10 pg/lOO g of body  weight)  increased the plasma 
glucose level from 81 f 5 to 209 f 6 mg/100 ml (means f 
S.E., n = 6), 90 min  after  its  administration.  Furthermore, 
the  adrenergic-induced hyperglycemic  response  was  virtually 
abolished (82 f 4 mg/100 ml control versus 92 f 5 mg/100 
ml  epinephrine;  means f S.E., n = 6). 

Effect of Pertussis Toxin  on the Hepatic Responses to Phen- 
ylephrine-Figs. 2 depict  the effects of pretreatment with 
pertussis  toxin  on  the  hepatic  respiratory, metabolic, iono- 
tropic,  and  vascular responses to  phenylephrine. Acute as well 
as  sustained  phases of response to  most  parameters  studied 
were significantly altered  in  the  treated livers. However, the 
most  pronounced  effects of the  toxin were shown  in  inhibiting 
the  sustained  phase of response to  the  agonist  in  all  the 
parameters  studied.  The rise in  portal  pressure was sluggish, 
smaller  and  transient (Fig. 2, bottom panel). Cellular  Ca2+ 
efflux is  an energy  costly  process; therefore,  the parallel 
decreases  in  the  sustained  respiratory  and Ca2+ efflux re- 
sponses seem to suggest that  both  parameters  might be re- 
lated. The inhibition of glycogenolysis (Fig. 2, middle panels) 

1 2 3 4 5  

41 K +  c 

FIG. 1. ADP ribosylation of hepatic plasma membrane  pro- 
teins from control and pertussis toxin-treated rats. In vivo 
treatment with pertussis  toxin and plasma membrane preparation 
was performed as described under “Experimental Procedures.” In 
vitro ADP ribosylation was carried out by incubating approximately 
120 pg  of membrane protein for 60 min at 30 “C in the presence of 12 
pg  of activated pertussis  toxin and 20 pCi of [32P]NAD+. Proteins 
were  resolved by electrophoresis in 10% SDS-polyacrylamide gels and 
the radioactivity localized by autoradiography. In &ne 1 the pertussis 
toxin was omitted from the reaction mixture. Lunes 2 and 4 contain 
40 and 80 pg, respectively, of membrane protein from control rats. 
Lanes 3 and 5 contain 40 and 80 pg  of membrane protein from 
pertussis  toxin-treated  rats. 
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CONTROL PERTUSSIS TOXIN 

FIG. 2. Effect of pertussis toxin 
on  phenylephrine-induced  changes 
in oxygen uptake,  vascular resist- 
ance, and  glucose  mobiiization in 2 0 0  
livers from fed rats. Livers from con- 
trol and pertussis-treated rata fed ad li- 
bitum were perfused in Krebs-Ringer bi- 
carbonate buffer, a t  36.5 "C and a flow 
rate of 30 A 2 mi X min", as describe 
under "Experimental Procedures." The 6 0 0  6 0 0  
livers were routinely perfused for 30-40 
min until  constant  rates of 02 uptake 3 0 0  A GLUCOSE 
were attained at  which time perfusate 

3 0 0  

sampling was started at  2-min intervals. 
Approxim~tely 10 min later, p~enyleph- 0 100 g B.Wt. x h 0 
rine was administered diluted in  the per- 
fusion medium at a concentration of ]! 
PM for the indicated period of time. Plots 
of glucose production are means of five 
experiments A S.E. Portal pressure, p02, 
pK+, pCa2+, and pH were continuously 
monitored and recorded in all the exper- 
iments. Data shown of O2 uptake and 
portal pressure are tracings from a rep- 
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0 (mm Hg) 

resentative experiment. 
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- 0 . 0 4  FIG. 3. Effect of pertussis  toxin on the  phenylephrine-induced  iono- 
tropic  responses in livers from fed 

0 * 0 2 rats. The experimental conditions were 
those described in Fig. 2. Data from a 

0 . 0  0 representative experiment have been 
plotted. The experiment was repeated 
five times with similar results. 
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was accompanied by proportiona~ decreases in lactate and 
pyruvate productions (results  not shown). Therefore, the 
smaller acidification of the outflow perfusate (Fig. 3, top 
panel) in pertussis toxin-treated livers, presumably indicates 
that most of the H+ released  was accounted for by lactic acid 
production. The  pattern of change in  the hepatic outflow K+ 
concentration in response to phenylephrine was qualitatively 
similar in control and pertussis toxin-treated livers,  however, 

the  rate of sustained release was s i ~ i ~ c a n t l y  reduced in  the 
latter (Fig. 3, bottom). 

In livers  from starved rats, pertussis toxin impaired the 
responses to phenylephrine to a similar degree of that in  fed 
livers  (Figs. 4 and 5). All parameters seem to be scale  reduc- 
tions of the controls, except for the portal pressure and Ca2+ 
release that showed distinct changes. The acute rise in portal 
pressure was  slower (Fig. 4, bottom) and the sustained release 
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FIG. 4. Effect of pertussis toxin 
on phenylephrine-induced changes 
in oxygen uptake, vascular resist- 
ance, and glucose mobilization in 
livers from starved  rats. Livers from 
48-h starved  rats,  control and pertussis- 
treated, were perfused as described in 
the legend to Fig.  2. The livers were 
allowed to equilibrate for a period of 30- 
40 min at which time perfusate samples 
were collected at 2-min intervals. Data 
on glucose production are means of six 
experiments f S.E. for each experimen- 
tal condition. Plots of oxygen uptake and 
portal pressure are digitalized data from 
a representative experiment. 
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FIG. 5. Effect of pertussis toxin 

on the p h e n y l e p h r i n ~ i n ~ u ~  iono- 
tropic responses in  livers from 
starved  rats. Experimental conditions 
were those described in Fig. 4. At least 
six experiments with controls and 
treated livers were carried out obtaining 
a high reproducibility. Data shown are 
from a representative experiment. 

:::+, 
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of Ca2+ almost negligible  (Fig. 5,  m ~ l e  panels). The paral- 
lelism  observed  between rates of glucose output  and perfusate 
acidification indicates their functional relationship. With py- 
ruvate as  the carbon source, phenylephrine produced a ~100% 
stimulation of gluconeogenesis  (Fig. 6, middle panels). The 
stimulation of respiration (Fig. 6, top) was higher than in the 
absence of substrate (Fig. 4, top), the  extra oxygen uptake 
being accounted for by the increased energy demand for 
glucose production. In pertussis toxin-treated livers the ca- 

pacity of phenylephrine to stimulate gluconeogenesis  was 
reduced  by ~ 7 0 % .  As shown  above under different experi- 
mental conditions (Figs. 2-5), phenylephrine-induced release 
of Ca2+ and increase in portal pressure (not shown) were also 
impaired by pertussis toxin (Fig. 6, bottom). 

The possibility that  r~eptor-ligand affinity changes were 
involved in  the pertussis toxin effects was studied by increas- 
ing the concentration of phenylephrine. As it can be appreci- 
ated  in Fig. 7, a 10-fold increase in the agonist concentration 
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FIG. 6. Effect of pertussis toxin 
on the phenylephrine-induced stim- 
ulation of gluconeogenesis and Ca'+ 
efflux  in livers from starved  rats. 
Livers from 48-h starved  control and 
pertussis-treated rats were perfused as 
described in the legend to Fig. 2. After a 
period of equilibration of 30-40 min, 1 
mM pyruvate was administered diluted 
in the perfusate medium. After allowing 
approximately 30 min for steady state 

phenylephrine was administered diluted 
rates of oxygen uptake to be reached, 

in the medium for the indicated period. 
Plots of glucose production are means of 
at least six observations for each exper- 
imental condition 2 S.E. Oxygen uptake 
and outflow Ca2+ concentration were 
continuously recorded in all the experi- 
ments obtaining reproducible results. 
Data shown are plots generated with dig- 
italized data from a representative ex- 
periment. 
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FIG. 7. Effect of increasing phen- 
ylephrine concentration on the he- 
patic responses of control and per- 
tussis toxin-treated rats. Livers from 
control and pertussis  toxin-treated  rats 
were perfused as described in the legend 
to Fig. 2. Plots of glucose production are 
means of five experiments & S.E. Portal 
pressure, p02, pK+, PCB2+, and pH were 
continuously monitored and recorded in 
all the experiments, and data shown are 
plots generated with digitalized data 
from a representative experiment. 

abolished most of the inhibitory effects of pertussis  toxin with vasopressin in livers from starved rats using pyruvate as  the 
the exception of Ca2+ efflux that remained unchanged (Fig. 7, carbon source. Unlike phenylephrine (Figs. 2-6), neither  the 
lower right panel). vasopressin-induced increase in respiration nor the  stimula- 

Effect of  Pertussis  Toxin on the Hepatic Responses to a tion of gluconeogenesis  were significantly altered in pertussis 
Vasoactive Polypeptide and to a2- and @-Adrenergic Agonkts- toxin-treated livers. The smaller acute rise in glucose output 
Fig. 8 depicts the effect of pertussis toxin on the action of (Fig. 8, middlepanek) presumably reflects a decreased ability 



6086 Pertussis  Toxin  Sensitivity of al-Adrenergic Receptor 

FIG. 8. Effect of pertussis toxin 
on the vasopressin-induced stimu- 
lation of respiration, gluconeogene- 
sis, and Caa+ influx in  livers from 
starved rats. Livers from 48-h starved 
control and pertussis-treated rats were 
perfused as described in the legend to 
Fig. 2. After a period of equilibration of 
30-40 min, 1 mM pyruvate was admin- 
istered diluted in the perfusate medium 
allowing approximately 30 min to reach 
steady state rates of oxygen uptake, and 
then vasopressin was diluted in the me- 
dium to reach a  concentration of 10 nM 
for the indicated period. Plots of glucose 
production are means of at least six ob- 
servations for each experimental condi- 
tion f S.E. Oxygen uptake and outflow 
Ca2+ concentration were continuously 
recorded in all the experiments  obtaining 
reproducible results. Data shown are 
plots generated with digitalized data 
from a representative experiment. 

CONTROL 

80 

40 

0 

0.04 1 

-0.04 ! I I I I 
2 0  3 0  

of vasopressin to mobilize store carbohydrates in toxin- 
treated livers (21). In control livers, in agreement with pre- 
vious observations (22), vasopressin produced an acute and 
transient release of Ca2+ followed  by a  net  sustained  uptake 
(Fig. 8, bottom  left). This effect was virtually abolished (Fig. 
8, bottom  right) in pertussis  toxin-treated livers, suggesting 
that receptor operated calcium channels  had  not been acti- 
vated. 

Hepatic stimulation with the az-adrenergic receptor agonist 
clonidine produced increases in  respiration, gluconeogenesis 
and vascular resistance (Fig. 9, left  panels) qualitatively sim- 
ilar to those induced by al-receptor  stimulation  although less 
intense. The hepatic responses to clonidine were quantita- 
tively similar in pertussis  toxin-treated livers than in control 
livers (Fig 9, right panels). The energetic and metabolic acti- 
vation induced by the P-adrenergic agonist isoproterenol were 
also identical in  pertussis toxin treated livers than in control 
livers (Fig. 10, bottom  panels). In agreement with previous 
observations (1, 2),  neither az-adrenergic (clonidine) nor @ 
(isoproterenol) agonists had any effect on extracellular Ca2+ 
concentration.  Neither isoproterenol nor vasopressin dis- 
played any detectable effects on  the hepatic vascular resist- 
ance (results  not  shown). Non-receptor-mediated hepatic 
stimulation of respiration and gluconeogenesis from pyruvate, 
as  that produced by fatty acid oxidation, was similar in 
pertussis  treated livers than in controls (Fig. 10, top). The 
latter observations add further evidence in support of the fact 
that only certain specific receptor-mediated processes seem 
to be perturbed by pertussis  toxin  but  not the hepatic capacity 
to enhance its functional activity in response to adequate 
stimuli. 

DISCUSSION 

Effect of Pertussis  Toxin  on  Receptor-mediated Ca2+ 
Fluxes-The al-adrenergic or vasopressin actions  share  their 
ability to increase the concentration of cytosolic free Ca2+ in 
liver cells (1, 2). That effect is accompanied by acute and 
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transient cellular efflux of this ion (Figs. 3  and 6). Neverthe- 
less, in  spite of those similarities, these two agonists exert 
opposite sustained effects on the extracellular concentration 
of this ion. The a-adrenergic agonist phenylephrine produces 
a  sustained efflux of Ca2+ that lasts  as long as the agonist is 
present at  the outer face of the plasma membrane (23). In 
contrast, the vasopressin action is accompanied by a  net influx 
of Ca2+ whose magnitude may  become magnified when  com- 
bined with other hormones (24). In the absence of extracel- 
lular  Ca2+, phenylephrine does not elicit a  net  sustained 
release of this ion (25), implying that Ca2+ rate of entry has 
to be concomitantly stimulated, or at least normal. In  non- 
excitable tissues, influx of Ca2+ occurs via receptor-operated 
channels (26, 27). Among other effectors, an inhibitory gua- 
nine nucleotide binding regulatory protein has been impli- 
cated in the receptor-mediated activation of Ca2+ uptake (21, 
28). Experiments carried out in isolated liver cells have also 
shown that agonist mobilization of Ca2+ is  followed  by stim- 
ulation of Ca2+ efflux pathways (29). The  latter process seems 
to be mediated by a  distinct  GTP-binding  protein different 
than Gi, in view  of its activation by NaF plus AlCL and  its 
lack of sensitivity to pertussis toxin (29). Therefore, those 
observations seem to rule out that  the pertussis toxin action 
in preventing the phenylephrine-induced Ca2+ release (Figs. 
3, 5, and 6) was the result of inhibiting the efflux pathway. 
On these grounds, it seems plausible to conclude that  the 
effects of pertussis toxin in perturbing phenylephrine or va- 
sopressin-mediated Ca2+ fluxes must be the result of inhibi- 
tion of a common step for both agonists as  it is the activation 
of Ca2+ inflow through receptor-operated channels. The net 
effect with each agonist would  be inhibition of either influx 
or efflux of Ca2+, respectively. 

Previous work carried out in isolated perfused liver failed 
to detect a  pertussis toxin effect on the phenylephrine-stim- 
ulated Ca2+ release (13). However, that observation may not 
have a physiological significance in view  of the fact that  it 
was carried out in the absence of extracellular Ca2+. In that 
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FIG. 9. Effect of pertussis toxin 
on the an-adrenergic-induced stim- 
ulation of respiration, gluconeogen- 
esis, and increase in vascular resist- 
ance in livers from starved  rats. Liv- 
ers from 48-h starved control and 
pertussis-treated rats were perfused as 
described in the legend to Fig. 2. After a 
period of equilibration of  30-40 min, 1 
mM pyruvate was administered diluted 
in the perfusate medium. Approximately 
30 min were  allowed for steady state 
rates of oxygen uptake to be reached, 
and  then clonidine was diluted in the 
medium to reach a  concentration of 1 
p~ for the indicated period. Plots of 
glucose production are means of at least 
six observations for each experimental 
condition k S.E. Oxygen uptake andpor- 
tal pressure were continuously recorded 
in all of the experiments  obtaining re- 
producible results. Data shown are plots 
generated with digitalized data from a 
representative experiment. 
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FIG. 10. Effect of pertussis toxin 
on the fatty acid and b-adrenergic- 
induced stimulation of respiration 
and gluconeogenesis in livers from 
starved rats. Livers from 48-h starved 
control and pertussis-treated rats were 
perfused as described in the legend to 
Fig. 2. After a period of equilibration of 
30-40 min, 1 mM pyruvate was admin- 
istered diluted in the perfusate medium. 
Approximately 30 min were  allowed for 
steady state rates of  oxygen uptake to be 
reached, and then 0.1 mM octanoate (up- 
perpunels) or 10 PM isoproterenol (lower 
panels) was administered diluted in the 
perfusate medium for the indicated 
period. Plots of glucose production are 
means of at least six observations for 
each experimental condition k S.E. Oxy- 
gen uptakes  are average values of digi- 
talized data from the same number of 
observations. 
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condition only an acute  and  transient  phenylephrine effect 
on Caz+ release is observable, that is, no sustained efflux of 
Ca2+ is detected (25). Thus, in that work, any eventual effect 
of pertussis toxin in inhibiting the phenylephrine-induced 
Caz+ release could not possibly be detected. Our observations 
seem also to be in conflict with the finding that activation of 
phospholipase C coupled to transfected recombinant cY,-recep- 
tors was not affected by pertussis toxin (15). The diversity of 

phenylephrine-sensitive parameters perturbed by pertussis 
toxin under our experimental conditions suggests that  an 
early event in the transduction pathway, such as phospholi- 
pase C activation, must have been inhibited. Thus, most 
probably, the lack of sensitivity of the recombinant a1 receptor 
reflects intrinsic differences in the pertussis toxin sensitivity 
of the regulatory proteins functionally linked to these recep- 
tors in the  transfected cell. In  this  instance,  it should be  of 
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interest to have information about  pertussis toxin sensitivity 
of the recombinant receptors when transfected to different 
types of cells. 

The effect of pertussis  toxin on the vasopressin action 
agrees with a previous observation in which 45Ca2+ influx was 
measured (28),  but is in conflict with another in which Mn2+ 
influx was studied for monitoring the activity of receptor 
operated calcium channels (30). The study in which the 
vasopressin action was found to be sensitive to pertussis  toxin 
(28) as well as the present work  were carried out  in perfused 
isolated liver, and the toxin was administered at least 24 h 
before the experiment. In contrast,  in the reports  in which 
pertussis toxin was ineffective in preventing the vasopressin 
or phenylephrine actions  (14), the experiments were per- 
formed in isolated hepatocytes and in one of them (30) the 
toxin was administered in vitro only 4-4.5 h before the begin- 
ning of the experiment. Thus,  the observed discrepancies 
might be the result of insufficient exposure of liver cells to 
pertussis toxin. Factors that might also have contributed to 
the apparent discrepancies could be inadequate viability of 
cells manipulated for relatively long periods of time before 
their utilization or, perhaps, that cells other than hepatocytes 
contributed in the  intact organ to  the pertussis  toxin sensitiv- 
ity of the vasopressin-mediated Ca2+ influx. 

Role of Ca2+ Fluxes on the Phenylephrine and Vasopressin- 
mediated Hepatic Responses-Normal sustained responses to 
Ca2+ mobilizing agents require inflow of Ca2+ from the  extra- 
cellular space (16,18,31).  The significance of agonist-induced 
net movements of Ca2+ across the plasma membrane are  not 
yet fully understood. The phenylephrine and vasopressin- 
mediated effects in rising the intracellular Ca2+ concentration 
and activating hepatic metabolism are accompanied by dis- 
tinct changes in the extracellular concentration of Ca2+ (Figs. 
3  and 8). However, the az-adrenergic agonist, clonidine, which 
elicited qualitatively similar metabolic and vasopressive ef- 
fects to those induced by phenylephrine (Figs. 2, 4, and  9), 
did not produce detectable changes in Ca2+ fluxes (results  not 
shown). These observations give rise to  the question of the 
significance of those Ca" movements in the agonists' activa- 
tion of cellular functions, As has been discussed above, per- 
tussis toxin impeded the phenylephrine  and vasopressin-in- 
duced changes in the extracellular concentration of Ca2+, most 
probably by preventing the receptor-coupled activation of 
Ca2+ entry. However, the functional repercussion was differ- 
ent  in both conditions. In  contrast  to phenylephrine, the 
sustained vasopressin-mediated stimulation of respiration 
and gluconeogenesis  was not affected by pertussis  toxin (Fig. 
8). This finding indicates that vasopressin does not rely on 
Ca2+ fluxes across the plasma membrane to exert  those effects. 
In agreement with a previous report (28) we have also ob- 
served (results  not shown) a decreased glycogenolytic re- 
sponse to vasopressin in pertussis-treated livers. Thus,  the 
possibility cannot be ruled out that vasopressin activation of 
hepatic phosphorylase might involve receptor-activated Ca" 
influx. Actually, removal of extracellular Ca2+ has been re- 
ported to impair the hormonal activation of phosphorylase 
(16, 18, 31). 

The parallelism between the phenylephrine action in per- 
turbing plasma membrane Ca2+ fluxes and  activating cellular 
functions gives rise to  the question as  to whether or not  the 
sustained  net release of Ca2+ is functionally linked to  the 
other cellular effects. Two observations seem to support that 
both processes, Ca2+ release and metabolic activation, fol- 
lowed parallel signaling pathways arising from a  pertussis 
toxin-sensitive step coupled to  the al-adrenergic receptor. 
First, similar functional effects have been evoked by other 

agonists in the absence of sustained Ca2+ release (Figs. 8-10). 
Second, in livers from pertussis  toxin-treated  rats,  a 10-fold 
increase in the phenylephrine concentration resulted in stim- 
ulation of liver functions  up to normal rats in spite of the fact 
that Ca2+ efflux remained inhibited (Fig. 7). 

Role of Pertussis Toxin-sensitive Regulatory Proteins- 
Treatment with pertussis toxin impaired the energetic, met- 
abolic, ionotropic, and vasculotropic hepatic responses me- 
diated by al-adrenergic receptors. All these functions were 
almost similarly affected, suggesting that pertussis toxin acted 
on a common site for all of them. Possible mechanisms of 
action of pertussis toxin-sensitive regulatory proteins are: 1) 
decreased activity of Ca2+-sensitive processes, 2) decreased 
ligand affinity of the al-receptors,  and 3) inhibition of recep- 
tor-coupled activation of phospholipase C. 

Pertussis toxin seems to exert similar effects on phenyleph- 
rine and vasopressin-mediated CaZ+ fluxes, although only the 
phenylephrine-mediated metabolic actions were altered. 
Thus,  impairment of Ca2+ fluxes does not seem to be at least 
the only factor implicated in  the pertussis toxin action. 

Experimental evidence indicates that phospholipase C ac- 
tivation is a major site of action of GTP-binding regulatory 
proteins  (1,2,8,9,32-34). Nevertheless, previous work carried 
out in liver cells failed to detect any effect of pertussis toxin 
on agonist-induced polyphosphoinositides breakdown (10, 
11). In agreement with those observations, if pertussis toxin 
prevented phospholipase C activation, then, inhibition of 
other agonists-mediated responses should be expected. The 
possibility can  not be excluded that  the pertussis toxin inter- 
acted with regulatory proteins specifically associated to a1- 
adrenergic receptors, coupled to phospholipase C activation. 

Guanine nucleotides have been described to decrease ligand 
affinity of al-adrenergic receptors, suggesting the involvement 
of guanine nucleotide-binding proteins in the control of that 
process (35, 36). Studies carried out in rat kidney cortex 
membranes failed to detect  any effect of pertussis toxin on 
ligand affinity to al-adrenergic receptors (37, 38). However, 
more recently, in work carried out under carefully controlled 
conditions with hepatocytes plasma membranes, it  has been 
observed that pertussis toxin produced a decreased ligand 
affinity in al-adrenergic receptors (12). On these grounds, it 
seems plausible to conclude that our observations regarding 
the pertussis toxin effect on the phenylephrine action might 
be interpreted  as the result of ligand-affinity changes of the 
al-adrenergic receptors. This interpretation  is  not only con- 
sonant with ligand binding studies carried out in isolated 
plasma membranes, but also with the observations of similar 
perturbation of most functions  as well as lack of effects on 
other receptor and non-receptor-mediated responses. 

To conclude, although the organ perfusion system used in 
this study does not allow us to define the exact molecular 
mechanism of the effect of pertussis toxin on the transduction 
pathway, our observations are compatible with the existence 
of at least two types of pertussis-sensitive guanine nucleotide- 
binding regulatory proteins  in rat liver: one mediates the a1- 
adrenergic and vasopressin receptor-operated Ca2+ channels; 
the  other would  be specifically associated to  an al-adrenergic 
receptor regulating its ligand affinity and  therefore exerting 
a  rate  control on the processes following that signaling path- 
way. Finally, it should be remarked that  the diversity of 
hepatic responses to phenylephrine affected by pertussis toxin 
clearly indicates the existence of pertussis toxin-sensitive G 
proteins,  not only in hepatocytes but also in sinusoidal and 
smooth muscle  cells. 
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