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Abstract 

The role of protein kinase C a2-adrenoceptor-induced contractions of rabbit saphenous vein was investigated. Contractions 
induced by the a2-adrenoceptor-selective agonist 5-bromo-6-[2-imidazolin-2-ylamino]-quinoline (UK14304) were inhibited by 
prior treatment with pertussis toxin and by Ca 2+ removal, confirming a Gi/Go-dependent coupling pathway which was highly 
dependent upon Ca 2+ influx. Protein kinase C inhibitors calphostin-C and staurosporine each caused a non-competitive 
inhibition of UK14304 response. Down-regulation of protein kinase C by pretreatment with tetradecanoylphorbol acetate 
reduced UK14304 response by almost 90% with no effect on contractions induced by elevated KC1. The ineffectiveness of L-type 
Ca  2+ channel blockers and the absence of stimulated 45Ca2+ uptake or effiux by UK14304 indicated that phospholipid-derived 
products were most likely responsible for protein kinase C activation, a2-Adrenoceptor stimulation failed to increase [3H]myo- 
inositol phosphate formation, but caused a significant increase in the formation of both [32p]phosphatidic acid and diacylglycerol, 
indicating the possible activation of phospholipase D activity. These results suggest that protein kinase C is important for the 
vasoconstriction induced by az-adrenoceptors and that diacylglycerol derived from receptor-initiated phospholipase D activity 
may provide protein kinase C stimulation. 
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I.  Introduct ion  

Contraction of vascular smooth muscle can be ac- 
complished by the activation of at least two distinct 
protein kinase-dependent  pathways involving myosin 
light chain kinase and protein kinase C. The former  
pathway is predominant  when cytoplasmic Ca 2+ levels 
are elevated, allowing formation of the Ca2+/  
calmodulin complex which activates myosin light chain 
kinase, providing for a close correlation between 
[Ca2+]~yt, myosin phosphorylation and developed ten- 
sion (Hai and Murphy, 1988). The latter pathway pre- 
dominates during the tonic phase of agonist-induced 
contractions such as those initiated by a l -adrenoeeptor  
stimulation, and is associated with lower cytoplasmic 
Ca 2+ levels (Morgan and Morgan, 1982) and sustained 
phospholipid hydrolysis (Campbell  et al., 1985). Diacyl- 
glycerol, provided by this sustained hydrolysis, helps to 
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activate protein kinase C which is thought to phospho- 
rylate a cytoskeletal element or myofilament regulatory 
protein (Khalil and Morgan, 1992; Nakamura  et al., 
1993). While Ca 2+ can augment  protein kinase C acti- 
vation by diacylglycerol (Nishizuka, 1992), it has been 
shown that vascular contractions can be produced in 
the absence of extracellular Ca 2÷ at low cytoplasmic 
Ca 2÷ levels by phorbol esters which activate protein 
kinase C in a manner  similar to diacylglycerol (Jiang 
and Morgan, 1991). 

The existence of isoforms of protein kinase C has 
been documented which vary in their mode of regula- 
tion (Nishizuka, 1992). Ca 2÷ and diacylglycerol are the 
primary activating modulators while unsaturated free 
fatty acids such as arachidonate can greatly amplify 
enzyme activity, but only in the presence of sufficient 
diacylglycerol (Shinomura et al., 1991). Among protein 
kinase C isoforms are species which are either Ca 2÷- or 
diacylglycerol-independent, leading to the possibility 
that varied combinations of regulatory substances (i.e. 
Ca 2÷, diacylglycerol and free fatty acid) could provide 
differential activation of individual isoforms. 
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The coupling pathway by which a2-adrenoceptors 
cause vascular contraction is not well extablished. Con- 
tractions have been shown to be highly dependent  
upon extracellular Ca 2+ (Van Meel et al., 1981a) and 
are inhibited by L-type Ca 2 + channel blockers in sev- 
eral preparat ions (Van Meel et al., 1981b; Ruffolo and 
Nichols, 1988). This has led to the proposal that a2-ad- 
renoceptors  cause contraction by increasing Ca 2+ in- 
flux via vol tage-dependent  Ca 2+ channels (Ruffolo and 
Nichols, 1988). However, electrophysiological studies 
have generally demonstrated that a2-adrenoceptors 
cause a decrease in Ca 2+ channel opening (Horn and 
McAfee, 1980; Dunlap and Fischbach, 1981) along with 
an increase in K + channel opening (Suprenant et al., 
1992) which would also oppose Ca 2+ channel opening. 
Thus it is unclear whether  a dependence upon extracel- 
lular Ca 2+ results from a direct Ca 2+ influx-dependent 
coupling pathway or whether  it reflects another  mode 
of Ca 2+ involvement. 

Based upon their shared dependence on extracellu- 
lar Ca 2+, it has been further proposed that the mecha- 
nism of az-adrenoceptor  coupling in vascular tissues 
may be similar to the sustained phase of a~-adrenocep- 
to t -mediated contractile response (Ruffolo and Nichols, 
1988). Since activation of protein kinase C has been 
shown to be important  during sustained a~-adrenocep- 
tor response, we undertook the current studies of a 2- 
adrenoceptor  responses in rabbit saphenous vein to 
determine whether  protein kinase C plays a role in 
a2-adrenoceptor-mediated contractions in this tissue 
and if so, how its activation may be achieved. 

2. Materials and methods 

Saphenous veins were excised from male New 
Zealand white rabbits (2--3 kg) and freed of connective 
tissue in a constantly gassed (5% CO 2, 95% O 2) bicar- 
bonate  buffer of the following composition (raM): NaC1 
118; KC1 4.4; CaC12 2.5; MgSO 4 1.2; N a H C O  2 24.9; 
K H z P O  4 1.2; glucose 11.1. Spiral strips were then 
made and cut into 2 cm long pieces. 

2.1. Contraction studies 

Isometric contraction experiments were carried out 
with spiral rabbit saphenous vein strips mounted with 
stainless steel hooks in a 20 ml organ bath at 37°C 
between a force transducer (connected to a physio- 
graph recorder) and a fixed glass rod. An initial passive 
tension of 2 g was applied to the tissues for at least 60 
min and experimental  observations were begun only 
after successive agonist-induced contractions were re- 
producible within 10%. In some experiments, cumula- 
tive dose tissues were t reated with drugs prior to 
agonist re-exposure for either single dose or dose-re- 

sponse studies. Contractile response in elevated (15 
mM) or high potassium (60 mM) conditions was as- 
sessed using a buffer in which NaC1 was replaced by 
KC1 in an equimolar amount.  In some studies rabbits 
were injected with 10 ~ g / k g  pertussis toxin via the 
marginal ear vein and killed 40 h after the injection. In 
studies with added antagonists or inhibitors results are 
expressed as a percent of the pre t rea tment  response 
unless otherwise indicated. 

2.2. 45Ca2+ uptake studies 

Strips of rabbit saphenous vein were preincubated 
at 37°C in 45Ca2+ containing (1 /xCi/ml)  bicarbonate 
buffer for 30 min with or without adrenoceptor  antago- 
nists before 10 min of UK14304 or noradrenaline expo- 
sure. To remove extracellular 45Ca2+ after the uptake 
period, groups of tissues were quickly rinsed in ice-cold 
bicarbonate buffer containing 10 /zM E G T A  and 11.5 
mM CaC12 and then transferred twice to 50 ml of the 
same buffer for 20 min for a total washout period of 40 
min. After  determination of wet weight, strips were 
placed in a 10 mM E G T A  solution overnight at room 
tempera ture  to release intracellular 45Ca2+ and 45Ca2+ 
content was determined by liquid scintillation spec- 
trophotometry.  

2.3. 45Ca2+ efflu~ studies 

Strips of rabbit saphenous vein were preincubated 
at 37 ° C in 45Ca2+-containing (5 ~ C i / m l )  buffer for 3 h 
and then briefly rinsed (5 s) before being transferred at 
5 min intervals to successive vials containing 5 ml of 
gassed bicarbonate buffer containing 10 mM E G T A  
and 11.5 mM CaC12 at 37°C. The total washout period 
was 70 min and either UK14304 (10 /xM) or caffeine 
(10 mM) was added after 40 min of washout. A 40 min 
washout was determined in previous studies with this 
tissue to be appropriate  to remove the majority of 
extracellularly bound 45Ca2+ while most of the cellular 
content of 45Ca2+ was still retained. 45Ca2+ was then 
measured in the washout solutions by liquid scintilla- 
tion spectrophotometry.  

2.4. [ 32p]Phospholipid hydrolysis 

Strips of rabbit saphenous vein prepared  as de- 
scribed above were incubated for 1 h at 37°C in 
32p-containing (25 /xCi/ml)  bicarbonate buffer. Ago- 
nists a n d / o r  antagonists were added for the last por- 
tion of the labeling period after which tissues were 
removed, blotted on filter paper  and the wet weight 
recorded. Tissues were then homogenized in 3 ml of 
C H C 1 3 : C H 3 O H : H C 1  ( 2 0 0 : 2 0 0 : 1 )  and the ho- 
mogenate  centrifuged at 2000 rpm for 20 min. The 
supernatant  was removed and saved while the pellet 
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Fig. 1. Inhibition of rabbit saphenous vein a2-adrenoceptor re- 
sponses by rauwolscine, prazosin or pertussis toxin pretreatment. A 
and B: Dose-response curves for UK14304 were obtained in the 
absence (Control) or presence of various concentrations of rau- 
wolscine (A) or prazosin (B) after a 20 rain incubation period. C: 
Dose-response curves for UK14304 were obtained for veins from 
rabbits treated with 10 tzg/kg pertussis toxin (PT) for 24 h or from 
untreated animals (Control). Contractile responses were normalized 
to the 60 mM KC1 response in each tissue. Each data point is the 
mean _+ S.E.M. 

was resuspended in another 2 ml of CHC13 : CH3OH : 
HCI (400:200:5)  and centrifuged at 1000 rpm for 10 
min. Supernatants were then combined and evaporated 
to dryness under nitrogen. The residue was dissolved in 
3 ml of CHCI 3 and washed 3 times with 1 ml of 0.1 N 
HC1, added to the resuspended extract, vortexed and 
centrifuged at 1000 rpm for approximately 3 min, after 
which the upper acid layer was removed and saved. 3 
ml of chloroform was added to the combined upper 
phases, which were vortexed and centrifuged at 1500 
rpm for 15 min after which the lower chloroform layer 
was added to the original chloroform phase and evapo- 
rated to dryness under  nitrogen. The phospholipid 
residue was resuspended in a small volume of chloro- 
form (50 ~1), spotted on a heat-activated silica gel 60 
TLC plate (10 cm) and separated using two-dimen- 
sional thin layer chromatography. First dimension: 
CHC13 : CH3OH : NH4-OH : H 2 0  (1.0 : 1.0:0.07 : 0.22); 
second dimension: C a H 9 O H  : C H 3 C O O H  : H 2 0  
(6 : 1 : 1). An autoradiograph was made to identify the 
pattern of phospholipid migration after which the TLC 
plates were exposed to iodine vapor until the phospho- 
lipids were visualized. Individual phospholipids were 
identified by comparison with known standards and 
were scraped into scintillation vials and quantified by 
liquid scintillation spectrometry. 

2.5. [ 3H]myo-Inositol phosphate formation 

Strips of rabbit saphenous vein were labeled 
overnight at room temperature in [3H]myo-inositol (100 
/~Ci/ml) containing bicarbonate buffer in sealed vials. 
Parallel studies confirmed the vitality of the tissues by 
contraction studies after overnight incubation under 
the same conditions. Tissues were then transferred to 5 
ml of a 10 /xM LiC1 buffer at 37°C for 30 min during 
which 10 /~M UK14304 or noradrenaline was or was 
not present. Tissues were then homogenized in 1 ml of 
10% perchloric acid, neutralized to pH 6-8  with 30% 
KOH and centrifuged. The supernatant was filtered, 
spiked with 100/zl of a mixture of 0.1 mM A T P / A D P  
(as internal standards) and injected onto a strong anion 
exchange HPLC column. Inositol phosphates were 
eluted with a stepped gradient of ammonium formate 
in distilled water starting with 0% for 8 rain, then 33% 
and 50% for 12 min each and finally to 100% for the 
last 12 min. Standards of 3H-labeled inositol phos- 
phates were run in parallel to determine the retention 
time of individual inositol phosphates and the size of 
each peak was quantitated by a radioactivity flow de- 
tector. 

2.6. Diacylglycerol measurement 

After appropriate t reatment and determination of 
wet weight, strips of rabbit saphenous vein were trans- 
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ferred to 3 ml of chloroform/methanol (1 : 2 v/v) mixed 
with 0.5 ml of 0.2% sodium dodecylsulfate containing 1 
M NaCl and left on ice as a one-phase solution for 2-3 
h. Subsequent addition of 1 ml each of CH3C13 and I 
M NaCI yielded a 2-phase solution. The lower chloro- 
form phase containing neutral Iipids was removed and 
evaporated to dryness under a stream of nitrogen and 
then stored on ice. A commercially available kit based 
upon the diacylglycerol kinase reaction was used for 
diacylglycerol determination. 

2.7. Data analysis 

Grouped data were compared for significant differ- 
ences using Student's t-test, with a value of P < 0.05 
taken as the limit for significance. 

2.8. Drugs 

Drugs used during these investigations were ob- 
tained from the following sources: UK14304 was pro- 
vided by Research Biochemicals International as a part 
of the Chemical Synthesis Program of the National 
Institute of Mental Health; prazosin (Pfizer, Groton, 
CT, USA); rauwolscine (Thomae, Biberach, Germany); 
pertussis toxin (Calbiochem, LaJolla, CA, USA); stau- 
rosporine (Kamiya Biomedical, Thousand Oaks, CA, 
USA); nifedipine (Miles Pharmaceuticals, North 
Haven, CT, USA); tetradecanoylphorbol acetate (LC 
Services, Woburn, MA, USA); methoxamine (Research 
Biochemicals, Natick, MA, USA); noradrenaline, 
mepacrine, verapamil, caffeine (Sigma, St. Louis, MO, 
USA). 

3. Results 

3.1. a2-Adrenoceptor-rnediated contractile response of 
rabbit saphenous uein 

The a2-adrenoceptor-selective agonist UK14304 
caused dose-dependent contractions of rabbit saphe- 
nous vein which were shifted to the right in a parallel 
manner by the az-adrenoceptor-selective antagonist 
rauwolscine (Fig. 1A) verifying their ae-adrenoceptor 
origin. In the presence of 100 nM and 1 /~M rau- 
wolscine, the maximum response to UK14304 was ap- 
proximately 20% above the level of untreated control 
tissues. Maximal UK14304 contractions reached only 
45% of the contractile response to 60 mM KC1, but 
88% of the response to the non-selective a-adrencep- 
tor agonist norepinephrine (data not shown). The oq- 
adrenoceptor-selective agonist methoxamine failed to 
produce contraction in most vessels and its overall 
maximal response was less than 10% of that for 
UK14304. Thus az-adrenoceptors appear to provide 
the major source of UK14304-induced activation in 
rabbit saphenous vein, as previously reported (Alabas- 
ter et al., 1985). However, in accord with earlier obser- 
vations (Daly et al., 1988; Shimamoto et al., 1992), we 
found that the oq-adrenoceptor antagonist prazosin 
caused a non-competitive type inhibition of UK14304 
response (Fig. 1B). While the underlying mechanism is 
unclear, this effect may reflect a dependence of ae-ad- 
renoceptor efficacy upon costimulation of a~-adreno- 
ceptors. 

In order to identify the type of G-protein involved in 
the a2-adrenoceptor response of rabbit saphenous vein, 
some animals were treated with pertussis toxin (10 
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Fig. 2. Role of protein kinase C in a2-adrenoceptor response in rabbit saphenous vein. A: Tissues were pretreated with either 100 nM 
staurosporine (o) or calphostin C (100 nM, A; 250 nM, z~) or untreated (©) for 30 rnin prior to eliciting a UK14304 dose-response ctwve. B: 
Tissues were incubated for 20 h in buffer with (o) or without (©) 10 mM tetradecanoylphorbol acetate (TPA) prior to eliciting a UK14304 
dose-response curve. Each data point is the mean + S.E.M. of six observations. 
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/ zg /kg)  for 24 h prior to tissue preparat ion and con- 
traction studies. As shown in Fig. 1C, this t reatment  
caused a marked reduction (86%) in the maximum 
response to UK14304 with no apparent  rightward shift 
of the dose-response curve. Results were normalized to 
the tissue response to 60 mM KC1 in order to correct 
for any 'non-specific '  reduction of tissue contractility. 
This decrease is consistent with a role for either G i or 
G o in transducing az-adrenoceptor  responses in rabbit 
saphenous vein. 

3.2. Role of protein kinase C in a 2-adrenoceptor-mediated 
contractions of rabbit saphenous vein 

To assess the role of protein kinase C in a2-adreno- 
ceptor-mediated contractions, tissues were incubated 
with protein kinase C-selective inhibitors (staurosporine 
or calphostin-C) for 30 min prior to eliciting a UK14304 
dose-response curve. As shown in Fig. 2A, both in- 
hibitors caused a significant non-competit ive inhibition 
of UK14304 response. Staurosporine was more effec- 
tive and more potent  than calphostin-C, producing a 
90% inhibition of maximal UK14304 response at 100 
nM, while 100 nM and 250 nM calphostin-C produced 
38% and 49% inhibition respectively. UK14304 po- 
tency was largely unaffected by either inhibitor, consis- 
tent with their interference with signal transmission 
events rather  than receptor  binding. 

In order to further identify a role for protein kinase 
C, some tissues were incubated 20 h at room tempera-  
ture in aerated buffer containing 10/zM of the phorbol 
ester tetradecanoylphorbol  acetate in order  to down- 
regulate protein kinase C activity. UK14304 responses 
and responses to 60 mM KC1 were then compared  in 
phorbol- t reated and untreated groups. As shown in 

Fig. 2B, protein kinase C down-regulation reduced 
maximal UK14304 response to 12% of the level in 
untreated controls, verifying a critical role for protein 
kinase C in a2-adrenoceptor  response. KCl-induced 
contractions were not significantly affected by this 
phorbol ester treatment.  

3.3. Role of Ca 2 + in a2-adrenoceptor-mediated contrac- 
tions of rabbit saphenous vein 

To investigate Ca 2+ as a possible source of protein 
kinase C activation, tissues were incubated in a Ca 2+- 
free buffer for 3 rain prior to the start of and during a 
UK14304 dose-response procedure.  As shown in Fig. 
3A, maximal response to UK14304 was inhibited by 
91% after Ca 2+ removal, and the small remaining 
response was shifted to the right, occurring between 1 
and 10/zM. This confirms the well-documented depen- 
dence of az-adrenoceptor  contractions on extracellular 
Ca 2+ and suggests that the residual contraction may be 
a minor component  of U K  14304-stimulated a~-adre- 
noceptor  response. 

Despite their dependence on extracellular Ca 2+, 
az-adrenoceptor- induced contractions of rabbit saphe- 
nous vein were largely unaffected by blockers of L-type 
vol tage-dependent  Ca 2+ channels. Thus verapamil  and 
nifedipine, at a concentration of 1 /zM, respectively 
produced 0% and 19% inhibition of maximal UK14304 
contractile response (Fig. 3B). There  was some evi- 
dence of greater  inhibition by nifedipine at lower con- 
centrations of UK14304 and a non-significant decrease 
in verapamil- t reated tissues at lower concentrations. 

In order to determine whether  az-adrenoceptor  ac- 
tivation caused an increase in either influx of extracel- 
lular Ca 2+ or release of intracellular Ca 2+, we mea- 
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Fig. 3. Role of Ca 2+ influx in the a2-adrenoceptor response of the rabbit saphenous vein. A: Dose-response curves for UK14304 were obtained 
either in normal buffer (Control) or in Ca2+-free buffer (Ca e+ omitted) after a 3 min incubation period. B: Dose-response curves for UK14304 
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Fig. 4. Influence of a2-adrenoceptor  stimulation on 45Ca2+ influx and effiux in rabbit saphenous  vein. A: Uptake  of 45Ca2+ during a 40 min 
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caffeine (10 mM) starting after 40 min of washout.  Asterisk (*)  indicates an effiux rate significantly higher than the level prior to drug addition 
(P  < 0.05; n = 8). 

sured 4 5 C a 2 +  uptake and 45C a2+  effiux from segments 
of rabbit saphenous vein during treatment with 10 #M 
UK14304. UK14304 failed to significantly augment 
45Ca2+ influx although noradrenaline (10 ~M) caused 
a 43% increase above basal levels (Fig. 4A). The latter 
increase was not significantly reduced by pretreatment 
with the az-adrenoceptor antagonist rauwolscine, but 
was eliminated by the a~-adrenoceptor antagonist pra- 
zosin. This indicates that stimulation of az-adrenocep- 
tor does not increase basal Ca 2+ entry in rabbit saphe- 
nous vein, consistent with the lack of influence of Ca 2+ 
channel blockade on contraction. UK14304 failed to 
alter the rate of 45Ca2+ efflux from prelabelled vein 
segments (Fig. 4B) although the release of intracellular 
45Ca2+ by caffeine (10 mM) could be readily detected. 

Taken together, the above observations demonstrate 
that while a2-adrenoceptor contractile response in rab- 
bit saphenous vein is almost completely dependent 
upon the basal influx of extracellular Ca 2+, receptor 
activation does not augment Ca z+ entry or release and 
therefore protein kinase C activation does not result 
from an increased supply of Ca 2+. Furthermore, under 
our experimental conditions, basal Ca 2+ influx via non- 
L-type Ca 2+ channel pathways is sufficient to sustain 
all or close to all of the a2-adrenoceptor response. 

3.4. Role of phospholipid hydrolysis in a 2-adrenoceptor- 
mediated contractions of rabbit saphenous vein 

We investigated the role of phospholipid hydrolysis 
by examining the effects of the phospholipase in- 
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Fig. 5. Influence of pbospholipase inhibitors on ot2-adrenoceptor response in rabbit saphenous  vein. A: Tissues were pretreated with neomycin 
(0.1 mM) for 30 rain (o) or were untreated (o )  prior to eliciting a U K  14304 dose-response curve. B: Tissues were pretreated with mepacrine (0.1 
mM) for 30 min (o) or were untreated (©) prior to eliciting a UK14304 dose-response curve. Each data point is the mean  + S.E.M. of six 
observations. 
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Table 1 
Influence of UK14304 and noradrenaline on [3H]myo-inositol phos- 
phates (IPs) in rabbit saphenous vein 

cpm _+ S.E.M. 

IP 1 IP 2 IP 3 n 

Control 3378+ 518 2671+434 743+ 03 8 
UK14304 2927+ 671 2855_+601 693+182 6 
(10/zM; 10 min) 
Noradrenaline 7009 + 1201 a 3792 + 530 a 916 + 274 4 
(10/zM; 10 min) 

a Significantly different from Control (P < 0.05). 

hibitors neomycin  and  mepac r ine  as well as by mea-  
su rements  of [3H]myo-inositol phospha te  format ion,  
32p-labelled phosphol ip id  tu rnover  and  diacylglycerol 

format ion.  
Neomycin  (0.1 mM), which inhibits  phosphoinos i t ide  

hydrolysis by phosphol ipase  C, failed to significantly 
a l ter  UK14304  dose - r e sponse  curves (Fig. 5A). 
Mepac r ine  (0.1 mM), which is a non-select ive inhibi tor  
of phospholipases,  caused a substant ia l  reduc t ion  of 
65% in the max imum UK14304 response  along with a 
r ightward shift (Fig. 5B). I n d o m e t h a c i n  (1 /xM) failed 
to al ter  UK14304 response,  indica t ing  that  cyclooxy- 
genase  products  did not  play a role in the a2-adreno-  
cep to r -media ted  contract ion.  

To fur ther  de t e rmine  whe ther  a2-adrenocep tor  
s t imula t ion  affected phosphoinos i t ide  hydrolysis, vein 
segments  were label led with [3H]myo-inositol then,  
after a br ief  washout ,  some groups of tissues were 
s t imula ted  with UK14304 (10 /zM) or no rad rena l i ne  
(10 /zM) for 10 min  in a buffer  s u p p l e m e n t e d  with 10 
/xM LiC1 while others  (control)  received no agonist.  
Subsequen t  H P L C  analysis of 3H-label led inositol 
phosphates  failed to reveal any difference be tween  
UK14304-s t imula ted  and  uns t imula t ed  groups (Table  
1), conf i rming the absence of UK14304-s t imula ted  
phosphoinos i t ide  hydrolysis, as was suggested by its 
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Fig. 6. Influence of UK 14304 on [32p]phospholipid labeling in rabbit 
saphenous vein. Vein segments were labeled 1 h in 32p-containing 
buffer and the effects of UK14304 (UK; 10 /xM) on [32p]phospha- 
tidic acid (PA), [32p]phosphatidylinositol (PI) and [32p]phosphatidyl- 
choline (PC) levels determined as described in Materials and meth- 
ods. In some groups either rauwolscine (RAU; 1 #M) or prazosin 
(PRZ; 1 /xM) was added 20 min before UK14304. Data shown are 
the mean_+ S.E.M. of five tissues from a single representative experi- 
ment which was replicated in triplicate. An asterisk (*) indicates a 
significant increase above control group levels, while (*) indicates a 
significant decrease from the UK14304 only group (P < 0.05). 

inabil i ty to cause in t racel lu lar  Ca 2+ release. Nor-  
ad rena l ine  did cause a 110% increase in inositol 
monophospha t e  and  a 42% increase in inositol  diphos- 
pha te  levels. 

In  other  studies the phosphol ipids  in rabbi t  saphe- 
nous  vein segments  were label led by incuba t ion  with 
32p for 1 h and tissues were exposed to UK14304 (10 
/xM) or vehicle for the final 5 rain of the incubat ion.  
Th in  layer chromatographic  analysis of the phospho-  
lipids showed that  az -ad renocep to r  s t imula t ion  caused 
a significant  297% increase in the level of 32p-labelled 
phosphat id ic  acid, a smaller  115% increase in the 
label l ing of phosphat idyl inosi tol  and  a 51% increase in 
phosphat idylchol ine  label l ing (Fig. 6). I ncuba t ion  with 
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Fig. 7. Influence of UK14304 on diacylglycerol levels in rabbit saphenous vein. A: Tissues were treated with UK14304 (10/zM) for 0, 1, 5 or 15 
min prior to determination of diacylglycerol content. B: Tissues were treated with UK14304 (10/zM) for 5 min in either normal buffer (Control) 
or after 5 min in a Ca2+-free buffer ( ( - )Ca 2+) or after a 30 min pretreatment with mepacrine (0.1 mM). Each data point is the mean + S.E.M. 
of 10-15 vein segments. Asterisk ( * ) indicates a significant increase above unstimulated levels (P < 0.05). 
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rauwolscine (1 /zM) significantly reduced the level of 
phosphatidic acid labelling in UK14304-treated tissues, 
although not fully to control values. Prazosin (1 /zM) 
also reduced the influence of UK14304 on phospha- 
tidic acid labelling, but the difference did not reach 
statistical significance ( P =  0.085). Rauwolscine also 
eliminated the UK14304-stimulated labelling of phos- 
phatidylcholine while prazosin was less effective. 

An a2-adrenoceptor-induced increase of phospha- 
tidic acid levels could lead to protein kinase C activa- 
tion by the intermediate formation of diacylglycerol via 
the activity of phosphatidate phosphohydrolase. Mea- 
surement of total diacylglycerol levels in vein segments 
during 15 min of UK14304 exposure showed a gradual 
increase which reached significance (P  < 0.05) at 5 and 
15 min time points (Fig. 7A). The increase at 5 min 
amounted to 148% above control levels, which can be 
compared to the 297% increase of [32p]phosphatidic 
acid noted above at the same time point. When Ca 2÷ 
was deleted from the tissue buffer, basal diacylglycerol 
levels were reduced to 50% of control; however, 
UK14304 was still able to increase diacylglycerol for- 
mation but only back to control levels (Fig. 7B). Thus 
extracellular Ca 2÷ availability can modulate diacyl- 
glycerol levels and ae-adrenoceptor  stimulation does 
not increase levels above basal in its absence. This 
could account for the absence of a2-adrenoceptor con- 
tractile response under Ca2+-free conditions. Me- 
pacrine (0.1 mM) did not significantly alter basal 
diacylglycerol levels, but blocked the UK14304-induced 
increase (Fig. 7B). 

4. Discussion 

The coupling pathways utilized by a2-adrenoceptor 
are diverse. While their initially described ability to 
inhibit adenylate cyclase may be the primary signalling 
pathway in a few tissues such as adipose tissue, other 
mechanisms appear to be involved in many tissues 
including contraction of vascular smooth muscle (Ruf- 
folo and Nichols, 1988). Recognition of three a2-adre- 
noceptor subtypes and their ability to couple to more 
than a single G-protein serves to emphasize the poten- 
tial for a variety of coupling pathways. Our results 
provide evidence for the coupling of ae-adrenoceptor  
to phospholipid hydrolysis and protein kinase C activa- 
tion in the rabbit saphenous vein as a primary pathway 
leading to vasoconstriction. 

Involvement of protein kinase C in the ae-adreno- 
ceptor contractile response is supported by both the 
substantial inhibition caused by the protein kinase C 
inhibitors calphostin-C and staurosporine (Fig. 2A) and 
by a loss of response following down-regulation of PKC 
with prolonged phorbol ester treatment (Fig. 2B). The 
greater effectiveness of staurosporine may result from 

its additional inhibitory effects on other kinases. Thus 
staurosporine's potency for protein kinase C inhibition 
is only slightly better  than for inhibition of myosin light 
chain kinase (Sullivan et al., 1992), while calphostin-C 
is approximately 100-fold more selective for protein 
kinase C inhibition (Kobayashi et al., 1989). Down-reg- 
ulation of protein kinase C activity by prolonged phor- 
bol ester treatment was found to be more effective 
than calphostin-C in reducing a2-adrenoceptor re- 
sponses (cf. Figs. 2A and 2B), suggesting the possibility 
that calphostin-C may not be fully effective against all 
protein kinase C isoforms. 

Isoforms of protein kinase C have been identified 
which vary in their requirement for activation by Ca 2+, 
diacylglycerol and free fatty acid (Nishizuka, 1992). 
Whereas intracellular Ca2+-mobilizing receptors such 
as the a~-adrenoceptor can provide both Ca z+ and 
diacylglycerol from phosphatidylinositol diphosphate 
(PIP e) hydrolysis and resultant inositol trisphosphate 
(IP 3) formation, a2-adrenoceptors have generally not 
been found to elevate inositol trisphosphate, or to 
cause intracellular Ca z+ release as confirmed in the 
data of Table 1. If protein kinase C is activated by 
a2-adrenoceptors, Ca 2÷ elevation would therefore re- 
quire either a novel Ca z+ release mechanism or an 
augmented influx of extracellular Ca 2+. While an aug- 
mented influx would be consistent with the recognized 
critical dependence of ae-adrenoceptor responses on 
extracellular Ca 2÷, we found that rabbit saphenous 
vein responses were largely unaffected by high concen- 
trations of L-type channel blockers (Fig. 3B), and no 
augmentation of 45Ca2+ uptake could be detected (Fig. 
4A). Thus while basal extracellular Ca 2÷ influx is vital 
for its response, ae-adrenoceptor stimulation in rabbit 
saphenous vein does not appear to activate protein 
kinase C via increased Ca z+ entry. The role of basal 
extracellular Ca 2+ entry may be critical for permitting 
the coupling of a2-adrenoceptor to other pathways. 

In an earlier study in rabbit saphenous vein (Aburto 
et al., 1993), UK14304 (10 /zM) was found to elevate 
intracellular Ca 2÷ and to cause a shift in the relation- 
ship between force and intracellular Ca 2+ such that 
higher force developed at each Ca 2÷ level than was the 
case during K+-induced depolarization. This increased 
force or 'Ca 2+ sensitization' is similar to that previ- 
ously identified with activation of protein kinase C by 
a l -adrenoceptor  agonists in other  blood vessels 
(Nishimura et al., 1988), supporting a role for protein 
kinase C in a2-adrenoceptor coupling in rabbit saphe- 
nous vein. 

Increased formation of [3Zp]phosphatidic acid and 
diacylglycerol during a2-adrenoceptor  stimulation 
(Figs. 6 and 7) indicates that protein kinase C activa- 
tion could be caused by diacylclycerol, provided by 
activation of a phospholipase. The absence of in- 
creased [3H]myo-inositol phosphate formation, how- 
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ever, would seem to rule out phosphoinositide hydroly- 
sis by phospholipase C and suggests involvement of 
other phospholipases. Phospholipase D activation leads 
to initial phosphatidic acid formation and subsequent 
diacylglycerol formation via the action of phosphati- 
date phosphohydrolase, which could account for the 
increase of both which we observed. The ability of 
mepacrine, a non-selective phospholipase inhibitor, to 
reduce both UK14304-induced contractions (Fig. 5B) 
and diacylglycerol formation (Fig. 7B) strongly indi- 
cates the involvement of a phospholipase in providing 
for protein kinase C activation. 

While coupling of a2-adrenoceptor to phospho- 
lipase D has not been previously described in vascular 
tissues, MacNulty et al. (1992) have demonstrated the 
ability of a cloned a2-adrenoceptor to activate 
phospholipase D in rat fibroblasts. Several studies have 
shown the ability of norepinephrine to stimulate vascu- 
lar smooth muscle phospholipase D activity in close 
association with tension development (Gu et al., 1992; 
Jones et al., 1993), although based upon its inhibition 
by prazosin (10 /xM), the stimulation has been at- 
tributed to at-adrenoceptor activation. However, inhi- 
bition by prazosin could alternatively reflect a require- 
ment for al-adrenoceptor costimulation rather than 
direct phospholipase D activation. The importance of 
costimulation of al-adrenoceptors for allowing a2-ad- 
renoceptor response has been amply demonstrated by 
others (Daly et al., 1988; Shimamoto et al., 1992) and 
we have likewise found that prazosin produces a non- 
competitive reduction in UK14304 responses of rabbit 
saphenous vein (Fig. 1B). al-Adrenoceptor activation 
presumably accounts for the augmented Ca 2+ influx 
caused by noradrenaline (Fig. 4A) which may reflect 
refilling of released Ca 2 + storage sites or receptor-op- 
erated channel activity. The permissive role of al-adre- 
noceptor stimulation for a2-adrenoceptor responsive- 
ness may derive from these or other coupling events, as 
suggested by the observations of Shimamoto et al. 
(1992). 

The receptor-mediated activation of phospholipase 
D has been shown to require activation of a tyrosine 
kinase (Bourgoin and Grinstein, 1992; Uings et al., 
1992). Recent studies in our laboratory have found that 
tyrosine kinase inhibitors are able to completly abolish 
the UK14304 contractile response in rabbit saphenous 
vein while oq-adrenoceptor-mediated contractions of 
rabbit aorta and high K ÷ contractions of rabbit saphe- 
nous vein are relatively unaffected (Jinsi and Deth, 
1994). In addition, wortmannin, which inhibits receptor 
activation of phospholipase D and is also a kinase 
inhibitor, causes a preferential inhibition of c%-adreno- 
ceptor-stimulated contractions in rabbit saphenous vein 
(Waen-Safranchick and Deth, 1994). These observa- 
tions further support a role for a2-adrenoceptor- 
induced phospholipase D activation as a source of the 
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Fig. 8. Proposed coupling pathway for a2-adrenoceptors in the rabbit 
saphenous vein. az-Adrenoceptor activation may be coupled via a 
pertussis toxin-sensitive G-protein (G i) to phospholipid hydrolysis 
involving phospholipase D (PLD) and the formation of phosphatidic 
acid (PA). Once formed, PA may give rise to diacylglycerol (DAG) 
via the action of phosphatidate phosphohydrolase leading to an 
increase of protein kinase C (PKC) activity and contraction. Basal 
influx of extracellular Ca 2+ and an as yet unidentified tyrosine 
kinase are critical regulators of az-adrenoceptor receptor coupling to 
phospbolipase D. 

increased diacylglycerol during UK14304-induced con- 
tractions of rabbit saphenous vein. 

Based upon our findings, the pathway for a2-adre- 
noceptor-induced contraction of rabbit saphenous vein 
can be summarized as outlined in Fig. 8. According to 
this scheme, ~2-adrenoceptor agonists activate a per- 
tussis toxin-sensitive G-protein (e.g. Gi /G  o) to provide 
increased activity of phospholipase D. Phosphatidic 
acid produced by phospholipase D can lead to aug- 
mented dyacylglycerol levels and subsequent activation 
of protein kinase C. The precise mechanism by which 
protein kinase C activity supports contraction remains 
obscure. The dependence of az-adrenoceptor contrac- 
tile response upon extracellular Ca 2+ may illustrate the 
importance of Ca 2+ levels for supporting phospho- 
lipase D activity rather than representing the source of 
the receptor-dependent signal for contraction. A criti- 
caly important tyrosine kinase activity may regulate the 
ability of the receptor to provide for phospholipase D 
activation. Verification of this suggested pathway will 
require additional studies. 

While our studies indicate that increased phospha- 
tidic acid formation is associated with increased diacyl- 
glycerol levels, it may also serve as a substrate for 
p h o s p h o l i p a s e  A 2 activity leading to lysophosphatidic 
acid and arachidonic acid formation. Phosphatidic acid 
itself may also exert other effects including activation 
of protein kinase C (Oishi et al., 1988) and phospha- 
tidylinositol-4-phosphate kinase (Moritz et al., 1992) so 
that the net a2-adrenoceptor response may reflect the 
composite influence of several phospholipid-derived 
messenger substances. 
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In conclusion, we have provided evidence for the 
involvement of protein kinase C activation in the a 2- 
adrenoceptor-mediated contractile response of rabbit 
saphenous vein and the source of the activation is most 
likely an increase of diacylglycerol, produced by the 
action of a phospholipase D. Extracellular Ca 2+ is 
critical for efficacy of the a2-adrenoceptor  although 
increased Ca 2+ influx per se is not the primary recep- 
tor coupling pathway. 
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