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Abstract. Studies were designed to examine the effects of phorbol esters on intestinal fluid 
transport and blood flow in the anesthetized cat and enteropooling in the conscious rat. Intraluminal 
administration of phorbol ester into a segment of isolated small bowel produced a copious intestinal 
secretion and a concomitant mesenteric hyperemia in the cat. Net fluid movement in the intestine 
was converted from absorption in the control state to secretion following phorbol ester admin- 
istration. Intravenous atropine reduced the phorbol ester-induced secretion by 56%; clonidine 
abolished the remaining secretory response. In the rat, intragastric administration of phorbol ester 
produced enteropooling comparable to that of other potent intestinal secretagogues. Since phorbol 
esters are known to activate protein kinase C ,  these studies suggest that activation of protein 
kinase C in the small intestine may lead to a full secretory response. The evidence suggests that 
this secretion is accompanied by a metabolic hyperemia. These results suggest that protein kinase 
C plays an important role in the regulation of intestinal fluid transport. 0 1986 Society for Experimental 

Biology and Medicine. 

Phorbol esters have been found to elicit a 
variety of cellular responses by binding to and 
activating the Ca*+-activated, phospholipid- 
dependent protein kinase referred to as protein 
kinase C (1). This enzyme appears to play a 
pivotal role in regulatory mechanisms where 
the coupling of stimulus and response also in- 
volves an increase in intracellular Ca2+. With 
respect to intestinal secretion, several secre- 
tagogues including serotonin and the cholin- 
ergic agonists have been shown to elevate cy- 
tosolic Ca2' levels (2). Calcium has also been 
shown to be mobilized in the enterocyte in 
response to the CAMP analog, 8-bromo CAMP, 
suggesting that CAMP-mediated secretion may 
also have a Ca2+ component (3). 

Recent in vitro studies with the rat and 
chicken small intestinal mucosa have dem- 
onstrated that the phorbol esters elicit a secre- 
tory response by inhibiting Na' and C1- ab- 
sorption and by stimulating electrogenic C1- 
secretion (4, 5). To further our understanding 
of the role of protein kinase C in regulating 
intestinal secretion, the present studies were 
undertaken to characterize the in vivo and in 
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situ effects of phorbol esters on small intestinal 
fluid transport and blood flow. 

Materials and Methods. Surgical procedure. 
The experiments were performed on young 
adult cats of either sex deprived of food for at 
least 16 hr but with free access to water. Anes- 
thesia was induced with ketamine (10 mg/kg, 
im). A catheter was inserted into the femoral 
vein under local anaesthesia (lidocaine) and 
0-chloralose was administered (25-35 mg/kg, 
iv). Some cats were given pentobarbital (0.3 
mg/kg) to reduce their excitability. The ani- 
mals breathed spontaneously through a tra- 
cheal cannula. A glucose-bicarbonate buffer 
solution was infused (0.1 ml/min) into the 
femoral vein to prevent acidosis (6). The ar- 
terial blood pressure was measured in the 
femoral artery with a catheter connected to a 
Harvard Model 360 pressure transducer. Body 
temperature was monitored with a thermom- 
eter in the pharynx and was maintained at 
38°C using a heating pad under the animal. 

The abdomen was opened with a midline 
incision and the greater omentum and the 
spleen were removed. A 10-cm-long jejunal 
segment with intact vascular supply was iso- 
lated and the remaining portion of the small 
intestine and the colon were removed. 
Changes in sympathetic influence on the in- 
testines were minimized by cutting the 
splanchnic nerves, denervating the right ad- 
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renal, and by excluding the left adrenal from 
the circulation by ligatures. This allowed for 
more precise assessment of secretion, blood 
flow, and the effects of pharmacologic agents 
on these parameters. 

Measurements of intestinal blood flow. Fol- 
lowing heparinization (3-5 mg/kg, iv) the 
mesenteric vein of the jejunal segment was 
cannulated and intestinal blood flow was de- 
termined from the venous effluent of the seg- 
ment, using a photoelectric drop recorder, an 
ordinate writer, and a Grass polygraph (7). The 
blood was returned to the animal via a catheter 
in the external jugular vein. 

Measurements of intestinal fluid transport. 
The net intestinal fluid transport was mea- 
sured with a gravimetric method described 
previously (8,9). Briefly, the intestinal segment 
was placed on a customized plastic scale sus- 
pended from a force displacement transducer 
(Grass FT03). The intestinal lymph node was 
fixed to a ring mounted on the table to prevent 
respiratory movements from affecting the 
scale. The intestinal segment was perfused at 
1 .O ml/min with a modified Krebs-Henseleit 
solution. A small, open, fluid basin on the scale 
was connected to the outflow end of the in- 
testine and a large closed reservoir (700 ml) 
was part of the perfusion loop to minimize 
recirculation. The weight of the segment and 
its luminal contents were continuously re- 
corded and fluid transport was seen as changes 
in weight of the system. Note that motility of 
the intestine might move fluid from the lumen 
to the open reservoir on the scale but would 
not change the weight of the system. 

Enteropooling assay. The intestinal secre- 
tory response to phorbol ester was also ex- 
amined in the rat using the enteropooling assay 
of Robert et al. (10). 

Following a strict 24-hr fast, male Sprague- 
Dawley rats ( 1 80-2 10 g) were administered 
phorbol ester by gavage. Thirty minutes later, 
animals were sacrificed and the volume of 
fluid in the entire small intestine was deter- 
mined volumetrically. The secretory response 
to the phorbol ester, 4P-phorbol 12-myristate 
13-acetate (PMA), in this assay was compared 
to that elicited by 16,16-dimethylprostaglan- 
din E2 (PGEZ), carbachol (Carb), and cholera 
toxin (CT). 

Materials. The modified Krebs-Henseleit 
solution contained 122 mM NaCl, 3.5 mM 

KC1, 1.2 mMKH2P04, 25 mMNaHC03, 1.2 
mM MgC12, 2 mM CaC12, and 30 mM man- 
nitol. The following drugs were used lidocaine 
(Xylocaine; Astra Pharmaceutical Products); 
sodium pentobarbital (Veterinary Laborato- 
ries); heparin (Eli Lilly & Co.); ketamine hy- 
drochloride (Ketaset; Bristol Laboratories); 
clonidine, a-chloralose, atropine sulfate, 4p- 
phorbol 12-myristate 13-acetate, and 46- 
phorbol 12P, 13a-dibutyrate (Sigma Chemical 
Co.). The phorbol esters were dissolved in ab- 
solute ethanol and kept at -20°C as a stock 
solution 10 mg/ml). 

Statistical analysis. The statistical test used 
was the nonparametric sign test. A probability 
level of 0.05 or less was considered to be sig- 
nificant. All data are expressed as means 
k SEM. 

Results. The phorbol ester, 4P-phorbol 
12P, 13a-dibutyrate (PDB), injected into the 
intestinal lumen elicited a profuse secretion 
within minutes in all cats studied. Net fluid 
transport changed from an absorption of 30 
k 45 pl min-' 100 cm-2 of serosal surface dur- 
ing the control period to a secretion of 347 
k 107 pl min-' 100 cm-2 after the intralu- 
minal injection of PDB (Fig. 1). Net fluid 
transport during control conditions was ob- 
served after injecting 50 pl ethanol in 1 ml 
Krebs-mannitol solution into the lumen of 
the small intestine; this amount of ethanol did 
not alter basal fluid transport in the intestine. 
Atropine (0.5 mg/kg, iv) reduced the PDB- 
induced secretion by 56 k 8%. Clonidine (50 
pg/kg, iv), added after atropine, decreased the 
atropine resistant secretion by 84 ? 25%; thus, 
total secretion was reduced 97% after atropine 
plus clonidine and net fluid transport was not 
significantly different from the control level 
(Fig. 1). 

In the rat, 30 min after intragastric admin- 
istration, PMA (100 pg/kg) stimulated net 
fluid secretion and enteropooling. The PMA- 
induced enteropooling is similar to that pro- 
duced by intragastric PGE2 (50 pg/kg) and 
Carb ( 5  mg/kg) after 30 min and by CT (100 
pg/kg) after 4 hr (Fig. 2). These doses have 
been shown to produce maximal intestinal se- 
cretion in this species (10). 

Intraluminal PDB caused vasodilation in 
the cat small intestine concomitantly with its 
secretory action (Table I). The vasodilation 
was atropine resistant and was not altered over 
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FIG. 1 .  The effects of intraluminal PDB (500 pg) and PDB followed by intravenous atropine (0.5 mg/kg) 
and clonidine (50 pg/kg) on fluid transport (mean f SEM) in an isolated loop of cat small intestine. Number 
in parentheses is the number of observations for each perturbation. *Significantly different from control; 
**significantly different from PDB; ?significantly different from PDB + atropine. 

the time course of the experiments. However, 
intestinal blood flow returned to control level 
after administration of clonidine in addition 
to atropine as shown in Table I. 

Discussion. The regulation of intestinal 

FIG. 2. A comparison of enteropooling values (mean 
-t SEM) resulting from intragastric administration of PMA 
(100 pg/kg), PGE2 (50 pg/kg), Carb ( 5  mg/kg), and CT 
(100 pg/kg) in the rat. Values for controls (i.e., vehicle 
effects) have been subtracted in each case. Number in pa- 
rentheses is the number of observations. Abbreviations 
are defined in the text. 

transport is thought to involve the complex 
interaction of several physiological and bio- 
chemical processes. Recently, a new regulatory 
pathway has been elucidated which involves 
the Ca2+-sensitive, phospholipid-dependent 
protein kinase, protein kinase C.  This enzyme 
system is normally activated by diacylglycerol, 
a product of phosphatidylinositol metabolism, 
and experimentally by phorbol esters (1 1). In 
various biological systems, activation of pro- 
tein kinase C by administration of phorbol es- 
ter has been shown to promote secretory re- 
sponses. For example, PMA has been reported 
to stimulate secretion of aldosterone from ad- 
renal granulosa cells (12), insulin from pan- 
creatic islet cells (1 3), and amylase from iso- 
lated, perfused pancreatic acini (14). 

Earlier studies in the conscious rat had 
shown that phorbol esters elicited a dose-de- 
pendent stimulation of fluid secretion in the 
small intestine and phosphorylation of specific 
microvillus membrane proteins in the rat ( 15). 
In the present study we have shown that after 
intragastric administration of the phorbol ester 
PMA in the rat, the level of net intestinal se- 
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TABLE I. HEMODYNAMIC EFFECTS OF INTRALUMINAL ADMINISTRATION OF PDB 
IN THE ISOLATED LOOP OF CAT SMALL INTESTINE 

Intestinal Mean arterial 
blood flow blood pressure Peripheral resistance units 

(mm Hg min 100 g ml-') (ml min-' 100 g-') (mm Hg) 

Control (6) 1 7 k  1 1 1 3 f  8 
PDB ( 6 )  31 k 5* 108 f 10 
PDB + atropine (6) 32 f 5 *  9 8 k  1 1  
PDB + atropine (5) + clonidine 94 k 19 24 f 7 

6.8 f 0.8 
4.1 f 0.7* 
3.5 k 0.6" 
4.8 f 1 . 1  

Note. Data are expressed as means f SEM, with the number of experiments given in parentheses. PDB is 4P-phorbol 
12@,13a-dibutyrate and is administered at a dose of 500 pg. Atropine (0.5 mg/kg) and clonidine (50 pg/kg) were 
administered intravenously. There was a 20- to 30-min observation period between perturbations. 

* Significant change from control level at P -= 0.05. 

cretion is quantitatively similar to the entero- 
pooling effects of other potent intestinal se- 
cretagogues, including cholera toxin. In the 
cat, intraluminal administration of PBD sim- 
ilarly induced a copious intestinal secretion; 
within minutes net fluid transport in the in- 
testine was converted from absorption in the 
control state to secretion. The magnitude of 
this secretory response is comparable to that 
produced by cholera toxin and VIP in the same 
experimental model (8, 9). Atropine reduced 
the PDB-induced intestinal secretion in the cat 
by 56%. Cholinergic muscarinic receptors have 
been shown to mediate intestinal secretion ( 16) 
and recently Tanaka et al. (1 7) have demon- 
strated that phorbol ester in conjunction with 
the Ca2+ ionophore stimulated the release of 
acetylcholine in guinea pig ileum. Therefore, 
it seems possible that part of the response ob- 
tained with PDB in vivo in the cat is due to 
the local release of acetylcholine. Likewise, in 
the enteropooling studies in the rat, atropine 
reduced the PMA-induced secretion by 30- 
40% ( 15). However, in Ussing chamber studies 
with rat ileum, atropine had little effect on the 
C1- secretion elicited by PDB ( 15). Therefore, 
in the in vivu studies, the phorbol esters appear 
to be causing secretion directly by changing 
transport functions in the enterocyte and in- 
directly through the release of acetylcholine. 
One cannot rule out the possibility that part 
of the atropine-resistant response may involve 
the local release of other neurohumoral sub- 
stances such as VIP and serotonin, which are 
known to stimulate intestinal secretion. 

The present study also suggests a relation- 
ship between phorbol ester-induced secretion 
and intestinal blood flow. Coincident with the 
stimulation of net fluid secretion, intestinal 

blood flow nearly doubled following phorbol 
ester administration. Although mean arterial 
blood pressure remained constant, peripheral 
resistance in the mesenteric vasculature was 
reduced nearly 40%. The increase in intestinal 
blood flow in the cat was apparently unrelated 
to the release of acetylcholine since atropine 
did not alter the hyperemic response. There- 
fore, the increase in blood flow observed in 
these studies may be due to an increase in 
some oxidative step associated with phorbol 
ester-induced stimulation of active fluid se- 
cretion, i.e., metabolic hyperemia. However, 
the possibility that PDB triggers the release of 
a local vasodilator such as VIP must again be 
considered. 

Clonidine is an cx2-adrenergic receptor ag- 
onist with known antisecretory activity in the 
small intestine ( 18). When clonidine was ad- 
ministered intravenously following atropine, 
intestinal secretion due to phorbol ester stim- 
ulation was further reduced and net fluid 
transport was not significantly different from 
control level. This action of clonidine may be 
due to stimulation of fluid and electrolyte ab- 
sorption (18), thus imposing a vectorial 
"counter-flow" to secretion. This reduction in 
secretion following clonidine was also asso- 
ciated with a return of mesenteric blood flow 
to control level. The change in blood flow may 
be a result of a decrease in metabolic activity 
relating to secretion or a direct a-receptor-me- 
diated effect of clonidine on arterioles and 
precapillary sphincteric smooth muscle. An a- 
mediated vasoconstriction of the vascular 
smooth muscle seems unlikely since arterial 
blood pressure remained the same. 

Activation of protein kinase C by phorbol 
ester has been shown to cause contraction of 
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rat aortic rings in vitro ( 19). An interesting ob- 
servation in our present study was the occur- 
rence of increased intestinal contractions in 
the portion of the intestine which received 
PDB. The contractile activity began after the 
initiation of the secretory response and was 
abolished with atropine administration. These 
observations suggest that local release of ace- 
tylcholine was responsible for the visceral 
smooth muscle activity. 

The present study demonstrates that intra- 
luminal administration of phorbol esters pro- 
duces a full secretory response in the cat and 
rat in vivo. This response is only partially at- 
tenuated by atropine, suggesting that the 
phorbol ester effect may directly involve a 
change in enterocyte transport function. Fur- 
thermore, our studies show that this secretion 
was associated with an intestinal hyperemia 
probably of metabolic origin. These studies 
corroborate earlier findings by Chang et al. 
with rabbit and chicken ileum in vitro (5) and 
by Donowitz et al. with the rat colon in vitro 
(20) that active phorbol esters induce electro- 
lyte secretion. Since the effects of phorbol es- 
ters appear to be the result of protein kinase 
C activation, these studies provide additional 
evidence that protein kinase C may be an im- 
portant component of the regulatory mecha- 
nisms operating in the small intestine to alter 
water and electrolyte transport. 

The authors acknowledge the expert technical assistance 
of Jim Stefankiewicz. 
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