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SAKAI, Y., M. INAZU, A. SHAMOTO, B. ZHU AND I. HOMMA. Contractile hyperreactivity and alteration of PKC 
activity in gastric fundus smooth muscle of diabetic rats. PHARMACOL BIOCHEM BEHAV 49(3) 669-674, 1994.--Contrac- 
tion dose dependently induced in gastric smooth muscle of diabetic rats by Bay K 8644 in the presence of 20 mM KCI was about 
two times that induced in controls, and was inhibited more than 50°70 by l-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7). 
Contraction was caused in diabetics but usually not in controls by 10 -s M phorbol 12-myristate 13-acetate (PMA). In diabetics, 
this contraction was about 2.5 times that in controls. Protein kinase C (PKC) activity in the soluble fraction was depressed by H-7 
or staurosporine, and depended on PMA concentration, but was greater in diabetics than in controls at any PMA concentration. 
PKC activity in the soluble fraction was inhibited by lower Ca 2+ concentration, and was greater in diabetics than in controls. 
Affinity and density of binding sites of a Ca 2+ channel antagonist ligand, [3H]PN200-110, were the same in plasma membrane- 
enriched fractions isolated from either controls or diabetic preparations. Thus, hyperreactivity in diabetic fundus may depend, in 
part, on alteration of PKC properties, but not on the density of Ca 2+ channels. 

Diabetes Protein kinase C Gastric smooth muscle Ca 2+ signal H-7 

ALTHOUGH pathology of the gastrointestinal tract has often 
been recognized in diabetes mellitus (DM), it is still poorly 
understood. Physiological changes in animal models of DM 
resemble the abnormalities that develop in humans who have 
diabetes. Morphological and histological studies describe gas- 
trointestinal dysfunction in diabetic animals (2,3). There are 
contradicting opinions about gastric emptying in diabetic rats 
(10,11), but current evidence places the responsibility for gas- 
tric motor disturbance on vagal autonomic neuropathy in dia- 
betic patients with gastroparesis. We have suggested that hy- 
perreactivity of gastric fundus smooth muscle (1), decrement 
of gastric fundus relaxation, and increased contraction in- 
duced by norepinephrine (NE) in diabetic rats may be results 
of fewer/~-adrenoceptor binding sites caused by downregula- 
tion due to higher catecholarnine levels (17). However, de- 
crease of B-adrenoceptors is not the only cause of dysfunction 
of gastric fundus in diabetic rats. Protein kinase C (PKC), an 
enzyme that is activated by the receptor mediated hydrolysis 
of inositol phosphatides, relays information in the form of 
various extracellular signals across cell membranes to regulate 
Ca2+-dependent processes (13). Phosphorylation of Ca 2+ 

channels by PKC might modulate the activity of voltage- 
dependent Ca 2+ channels (VDC) and Ca 2+ influx in smooth 
muscle (12). The hyperreactive contraction induced by KCI 
and acetylcholine (ACh), and reversal of the response to NE 
(1,17) suggest that the contractile response system may be 
related to Ca 2+ channels and PKC activity in gastric fundus 
smooth muscle of diabetic rats. Preliminary data has been 
reported to the Japanese Physiological Society (18). 

METHOD 

Induction of  Diabetes 

Male 8-week-old Wistar rats weighing 220-260 g were ran- 
domly separated into control and experimental groups. Each 
rat was anesthetized with diethylether, and each test rat was 
given one injection of streptozotocin (STZ; 60 mg/kg, IV) in 
a citrate buffer (diabetic group). The control animals were 
injected with vehicle alone. Six weeks after injection, the ani- 
mals were sacrificed. Blood samples were taken, and plasma 
glucose was measured by enzyme assay methods (17). 

i To whom requests for reprints should be addressed. 
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FIG. 1. Contractile responses to Bay K 8644 in the presence of 20 mM KCI in gastric fundus 
smooth muscle from control and diabetic rats. (A) Typical concentration responses to Bay K 
8644 in the presence of 20 mM KC1. Numbers represent Bay K 8644 concentration as log 
(mol/l). 10 -5 M H-7 suppressed the contraction induced by Bay K 8644. (B) Summary of 
force development data (g/100 mg tissue weight). Values are mean + SE (n = 7). *Signifi- 
cantly different from control (p < 0.01). 

Contraction Study 

After a rat was sacrificed, the stomach was removed, dis- 
sected from surrounding tissue, and placed in a petri dish 
containing the following standard solution (mM): NaC1, 118; 
KC1, 5.8; CaC12, 2.5; MgC12, 1.2; NaH2PO 4, 1.4; NaHCO3, 
21.4; glucose, 11.5; equilibrated with 95% O2 and 5070 CO2 to 
give pH 7.3 to 7.4 at room temperature. The gastric fundus 
region was dissected from the stomach, its mucosal layer was 
removed, and 2-3 mm wide by 15-18 mm long muscle strips 
were disected and immediately placed in 10 ml organ baths, 
each containing the above solution at 37°C, aerated with 95% 
02 and 5070 CO2, and maintained at pH 7.4. Isometric tension 
was recorded after 60 min equilibration under 1.0 g load, as 
previously described (17). 

Preparation of  Plasma Membrane-Enriched Fraction 

After a rat was sacrificed, the gastric fundus was quickly 
removed and washed in cold 250 mM sucrose-50 mM Tris-HCl 
buffer (ST, pH 7.4). Mucosa and connective tissue were re- 
moved, and the remaining smooth muscle was used for pre- 
paring a plasma membrane-enriched fraction, as previously 
described (17). Gastric fundus material pooled from five rats 

was minced in 10 vol of ST buffer containing 5 mM MgCI2 
and homogenized in a polytron for 10 s, three times at 30-s 
intervals. The homogenate was centrifuged at 900 x g for 10 
rain, and that supernatant was centrifuged at 10,000 × g for 
10 min. The supernatant from this last centrifugation was 
again centrifuged at 110,000 × g for 30 min. The pellet was 
resuspended in 50 mM Tris-HC1 buffer (PH 7.4) containing 5 
mM MgCI2, and this suspension was centrifuged at 10,000 × 
g for 10 rain. The supernatant was stored at - 8 0 ° C  until 
used. Protein concentration was measured by the method of 
Lowry et al. (9), with bovine serum albumin as a standard. 
Measurement of the activity of 5 '-nucleotidase, a marker for 
plasma membrane, indicated that the plasma membrane en- 
richment was the same (8-10 times that in the post nuclear 
supernatant) in the control and diabetic preparations. 

PKC Determination in Soluble Fractions 

The PKC activity was determined by a slightly modified, 
previously described procedure (8). Smooth muscle prepara- 
tions isolated from control and diabetic rats were incubated in 
normal modified Krebs solution for 60-70 min, then washed 
with ice-cold 20 mM Tris-HC1 buffer containing 2 mM EDTA, 
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0.5 mM EGTA, and 2 mM phenylmethylsulphonyl fluoride 
(PMSF) pH 7.4 for 1 min. The washed tissue was homoge- 
nized with 50 mM Tris-HC1 buffer containing 5 mM EDTA, 
10 mM EGTA, 0.3070 w/v ~-mercaptoethanol, 10 mM ben- 
zamidine and 50/~g/ml PMSF, pH 7.5. After the tissue ho- 
mogenization, the mentioned above procedure for isolation 
of soluble fraction was performed. We determined the PKC 
activity in the soluble fractions from gastric fundus smooth 
muscle of the control and diabetic rats by PKC assay kits 
(Amersham). 

[3H]PN200-110 Binding 

For [3H]PN200-110 [(methyl)H)PN200-110, 37 MBq/ml, 
Amersham] saturation and competitive binding analysis, 40 to 
70 t~g of microsomal protein per 1.0 ml of assay was incubated 
with ligand at 370C for 60 min. After incubation, the bound 
and free radioligands were separated by rapid filtration 
through a Whatman GF/B filter followed by three washings 
with 4.0 ml Tris buffer. Nonspecific binding was defined as 
the amount of radioligand bound in the presence of 10 -6 M 
unlabeled nifedipine. The radioactivity was counted in a Pack- 
ard liquid scintillation spectrometer. 

R E S U L T S  

Contraction Induced by Bay K 8644, NE, or PMA 

Bay K 8644 concentration dependently induced contraction 
in the presence of 20 mM KCI in gastric fundus smooth muscle 
isolated from control and diabetic rats. This contractile re- 
sponse at each concentration was significantly greater in dia- 
betics than in controls, as shown in Fig. 1. These contractions 
were inhibited by 10 -5 M H-7 (Fig. IA). Responses to NE 
were mainly relaxation in gastric fundus isolated from con- 
trois, and contraction in fundus from diabetics, which agreed 
with previously reported results (17). Even if we could find 
NE-induced contraction in the controls, the contraction was 
about half of that in the diabetics (Fig. 2). SC-9, a PKC activa- 
tor, did not affect NE-induced contraction in diabetics, but 
NE-induced contraction was inhibited by 10-~M H-7 (Fig. 
2B). PMA (10 -5 M) caused contraction in gastric fundus 
smooth muscle from diabetics, but not in all (four of eight 
preparations) fundus from controls. The PMA-induced con- 
traction in diabetics was about 2.5 times that in controls, as 
shown in Fig. 3. The NE-induced contraction was completely 
inhibited by 10 -s M H-7, and the residual contraction induced 
by PMA was completely inhibited by 10 6 M staurosporine 
(Fig. 3A). 

PKC Activity and Effects o f  PMA 

The PKC activity in the soluble fraction of gastric fundus 
smooth muscle isolated from the diabetic rats was significantly 
greater at all concentrations than that in controls (Fig. 4). 
Figure 4B shows the PMA concentration dependence of PKC 
activity in soluble fractions isolated from controls and diabet- 
ics. At low concentration the PKC activity in diabetic prepara- 
tions 1.5 times that in controls. This difference in activity 
become smaller at higher concentration of PMA. Characteris- 
tics of PKC activity in controls and diabetics. 

Figure 5 shows characteristics of PKC activity in soluble 
fractions isolated from gastric fundus smooth muscle from 
controls and diabetic rats. There was no effect on PKC activ- 
ity in either group by 10 -5 M SC-9. PKC activity in each group 
was slightly but significantly inhibited by lowering the Ca 2÷ 
concentration to one-fifth of the normal assay; this inhibited 
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FIG. 4. Protein kinase C (PKC) activity and PMA dependence in 
soluble fractions isolated from gastric fundus smooth muscle in con- 
trol and diabetic rats. (A) PKC activity in soluble fractions. Values 
are mean + SE (n = 9). *Significantly different from control (p < 
0.05). (B) PMA dependence of PKC activity in soluble fractions iso- 
lated from gastric fundus smooth muscle in control and diabetic rats. 
Each point is the mean of duplicate measurements in a typical experi- 
ment. 

PKC activity slightly more in diabetics than in controls. H-7 
(10 -5 M) and staurosporine (10 -6 M) both depressed PKC 
activity greatly in both the control and diabetic groups. Maxi- 
mum depression by 10 -5 M H-7 was about 50°70, and maxi- 
mum depression by 10 -6 M staurosporine was about 90070. 

Ca 2÷ Channel Antagonist Binding 

The selection of [3H]PN200-110 as a ligand for L-type Ca 2÷ 
channels was made because of its high affinity and low non- 
specific binding in both controls and diabetics; [3H]PN200- 
110 bound in a saturable manner to the plasma membrane- 
enriched fraction isolated from gastric fundus smooth muscle. 
Saturation curves, linearly transformed in Scatchard's analy- 
sis, are shown in Fig. 6. The inset in Fig. 6 shows ligand 
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dissociation constants (Kd) and maximum binding (BmJ in 
both the controls and diabetics. There was no significant dif- 
ference of either parameter in either group. The binding affin- 
ity and density of Ca 2+ channels were no different in diabetic 
preparations than in the controls. 
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FIG. 6. Scatchard plots of specific binding of (3tt)PN200-110 to gas- 
tric fundus membrane isolated from control and diabetic rats. Each 
point is the mean of duplicate measurements in a typical experiment. 
Inset: Values of ligand dissociation constant (Kd) and maximum bind- 
ing (Bm~). Values are mean + SE (n = 6). 

DISCUSSION 

Our present and previous results (17,18) provide evidence 
that the enhancement of contractile responses to KC1 and re- 
versal responses to NE in gastric fundus smooth muscle from 
rats with STZ-induced diabetes may be due partly to increased 
PKC activity without change in the density of Ca 2÷ channels, 
as well as to decreased/3-adrenoceptor density. 

To verify our hypothesis about the process of signal trans- 
duction involved in hyperreactive contraction of gastric fun- 
dus smooth muscle from rats with STZ-induced diabetes, we 
examined relations between contraction and PKC activity. 

Increase of contraction induced in diabetics by Bay K 8644 
has many explanations: a) increase of numbers, sensitivity, or 
prolongation of Ca 2+ channel open time; b) increased sensitiv- 
ity of myosin light chain kinase (MLCK) to Ca2+; c) decreased 
Ca 2+ pump activity in sarcoplasmic reticulum (SR) or plasma 
membrane (PM). Enhancement of contractile responses in di- 
abetics may be related to: a) prolongation of open time of 
any single channel, because binding characteristics of Ca 2+ 
channels in membrane fractions were the same whether they 
were isolated from controls or diabetics (Fig. 6); b) increase of 
sensitivity of MLCK to Ca 2+, because PMA caused contrac- 
tion of gastric fundus from all diabetics, but not from all 
controls (Fig. 3), and increased the basal PKC activity level in 
diabetics (Fig. 4). Although many investigators have reported 
that phorbol ester causes contraction in vascular smooth mus- 
cle (5,6,19), there is little information about the role of PKC, 
after it has been activated by phorbol ester, in the control of 
gastrointestinal motility. Activation of PKC by phorbol ester, 
either directly or indirectly, causes secondary increase of slow 
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L-type voltage-dependent Ca 2+ conductance.  Such increase 
could occur through either increase in the number  o f  channels 
available for voltage-dependent Ca 2+ conductance,  or increase 
in the open t ime of  a single channel,  or both (15). PKC activity 
in soluble fractions isolated f rom diabetic preparations was 
more sensitive to lowering of  the concentrat ion o f  Ca 2÷ than 
that in fraction isolated f rom controls (Fig. 5). The activity of  
PKC in diabetics was greater than that in controls at any given 
concentrat ion o f  P M A  (Fig. 4B). All PKC activity, in both 
groups, was inhibited by 10 -6 M staurosporine (Fig. 5). 

Act ivat ion o f  PKC stimulates the contractile apparatus in 
smooth muscle by elevating cytosolic Ca 2+ levels, through 
Ca 2÷ influx f rom extracellular space, or through some intra- 
cellular mechanism, or  both (12,19). We previously reported 
that the Ca 2÷ influx induced by KC1, ACh,  or  NE was greater 
in diabetics than in controls (1,18). Two protein kinases, 
MLCK and PKC,  have been implicated, respectively, in the 
development  and maintenance o f  smooth  muscle contraction 
(4). Thus, it is possible that increase of  Ca 2÷ sensitivity to 
MLCK and PKC are related to hyperreactivity in diabetics. 
Phorbol  esters have been shown to elicit contraction in various 
tissue. Staurosporine is reported to act by inhibiting A T P  
binding sites, regions with a high degree of  sequence homol-  
ogy in most kinases (16). Therefore,  part of  the inhibiting 
action of  staurosporine could be mediated by inhibition o f  
MLCK or other kinases (20). PKC was originally reported 

to depend on Ca z+ in the presence of  phospholipid,  but the 
susceptibility to Ca 2+ varied with the PKC subspecies. These 
PKC subspecies have different modes of  activation, kinetics, 
and substrate specificity. They can be subdivided into two 
groups, Ca2+-dependent (c~, B, 7), and Ca2+-independent (tS, 
E, ~', r/) (14). The calcium requirement appears to depend on 
the phospholipid composit ion of  the fraction or  on the enzyme 
property (14). The greater activity of  PKC and alteration of  
Ca 2+ sensitivity in diabetics (Figs. 4 and 5) may be related to 
these PKC subspecies or alteration of  enzyme properties in 
diabetic preparations.  

It is possible that NE-induced contraction is a consequence 
of  PKC-mediated phosphorylation of  L-type channels. PKC- 
mediated Ca 2+ channel activation in response to NE could 
represent a positive feedback for supplying the Ca 2+ required 
to activate PKC. These possibilities suggest that PKC is im- 
portant  in mediating hyperreactivity of  gastric fundus smooth 
muscle in diabetics. Intracellular Ca 2+ increase has been 
shown to stimulate PKC translocation f rom cytosol to plasma 
membrane (7). Feedback control or downregulation by PKC 
also extends to receptors of  other signal systems. Further 
study of  effects o f  diabetes requires informat ion about PKC 
translocation. 
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