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ABSTRACT. The purpose of this study was to explore the pharmacological and biochemical mechanisms
involved in diabetic cardiomyopathy, with particular interest in the abnormal function of cholinergic
neurotransmission at the onset of the pathology. The muscarinic acethylcholine agonist carbachol showed a
negative inotropic response on both normal and diabetic isolated atria, but the latter showed a supersensitive
response. No changes were found in muscarinic acethylcholine receptor (mAChR) expression. Measurements of
mAChR-associated second messengers indicated no significant differences between normal and diabetic rat atria
in the stimulatory effect of carbachol on protein kinase C activity and the production of inositol phosphates, or
in the inhibitory effect induced by carbachol on cyclic AMP (cAMP) production. On the contrary, nitric oxide
(NO) synthase activity and cyclic GMP production were higher in diabetic cardiac preparations than in normal
ones. Moreover, in diabetic atria, nitric oxide synthase and guanylate cyclase inhibitors shifted the carbachol
concentration—response curve on contractility to the right, reaching values similar to those of normal atria.
These results suggest an early alteration in the mACh system during the diabetic state, associated with increased
production of nitric oxide and cyclic GMP (cGMP). This, in turn, could increase the biological mechanical
activity of the mAChR agonist, inducing in this way a higher pharmacological response, without changes in
mAChR expression. BIOCHEM PHARMACOL 55;12:1991-1999, 1998. © 1998 Elsevier Science Inc.
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Diabetes mellitus affects a large number of people from intrinsic electrical and contractile properties of the heart,
different social conditions throughout the world. Patients which may be related to alterations in adrenoceptor and
suffering from diabetes are particularly prone to cardiovas- cholinoceptor populations [7].

cular disorders [1, 2], which have been associated with an As regards the cholinergic muscarinic response to spe-
early autonomic neuropathy [3]. Diabetic cardiomyopathy, cific agonists, an alteration in the myocardium has been
as a distinct entity, was first recognized by Rubler et al., as detected in the course of the diabetic syndrome. The
described in Ref. 4, in diabetic patients with congestive alterations have been related to different phenomena, i.e.

heart failure who had shown no evidence of coronary
atherosclerosis. The increased incidence of congestive
heart failure, mortality, and morbidity in diabetic pa-
tients—following myocardial infarction or coronary artery
bypass graft—can be explained by the presence of diabetic
cardiomyopathy [5].

STZ7-treated rats display many of the features observed
in human subjects with uncontrolled diabetes mellitus [6].
Accordingly, STZ-treated rats show alterations in the

either supersensitivity or subsensitivity, with or without
changes in the receptor expression [§—12]. However, these
controversial conclusions could be due to differences in the
experimental models and/or in the duration of the diabetic
state in the experimental animals. Yet, little is known about
the signal transduction mechanism involved in the altered
response of the diabetic rat heart to an mAChR agonist.
The aim of this study was to establish the atrial contrac-
tile response to mAChR agonists in acutely diabetic rats,

and the signal transduction mechanism involved in the
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activation of PKC activity, production of IPs, or cAMP
formation.

MATERIALS AND METHODS
Animals

Experimental short-term diabetes was induced, as reported
previously [13], in Wistar male rats (200-250 g) by a single
i.p. dose of STZ (85 mg/kg of body weight, s.c.). Animals
with plasma glucose above 300 mg/dL and with glycosuria
were considered diabetic. The rats were killed 72 hr after
STZ injection.

Atrial Contractility

Diabetic and normal rats were decapitated. The entire heart
was excised quickly and placed in Petri dishes filled with a
modified KRB solution. This medium was kept at room
temperature, gassed with a mixture of 95% O, and 5% CO,.
The atria were separated from the ventricles, carefully
dissected, attached to a glass holder, and immersed in a
tissue chamber filled with 20 mL of KRB solution. The
tissue bath solution was gassed and maintained at a con-
stant temperature of 30° and pH 7.4 throughout the
experiments. One end of the preparation was anchored to a
glass holder, and the other was connected to a force
transducer coupled to an ink-writing oscillograph. A con-
stant resting tension of 500 mg was applied to the atria by
means of a micrometric device, and tissues were allowed to
equilibrate for 1 hr. The preparations were paced with a
bipolar electrode and an SK4 Grass Stimulator (Berger)
[14]. Inotropic effects (dF/dt) were assessed by recording the
maximum rate of isometric force development during elec-
trical stimulation at a fixed rate (150 beats/min) with
slightly suprathreshold (+10%) electrical square pulses of a
2-msec duration. Pulses were delivered by a conventional
stimulator and conveyed to the tissue via two pointed
platinum electrodes. Control values (100%) refer to the
dF/dt before the addition of drugs. The absolute value for
dF/dt at the end of the equilibration period (60 min) was
7.8 £ 0.7 g/sec in normal and 7.1 = 0.5 gfsec in diabetic
atria. Concentration—response curves to carbachol were
obtained employing the method described by Van Rossum
[15]. A maximal effect was achieved within 6 min after
each concentration was added. Basal values of dF/dt were
not affected by different blockers at the concentration used

[16].

Radioligand Binding Assay

Membranes were prepared as described previously [17]. In
brief, atria from normal and diabetic rats were mixed in 6
vol. of cold potassium phosphate buffer containing 0.25 M
of sucrose, 1 mM of MgCl,, pH 7.5, supplemented with 0.1
mM of phenylmethylsulfonyl fluoride (PMSF), 1 mM of
EDTA, 5 pg/mL of leupeptin, and 1 wM of pepstatin A,
and then were homogenized three times for 15 sec with an
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Ultraturrax T 25 (IKA-Labortechnik) at a setting of max-
imal speed. The homogenates were centrifuged twice at
1,000 g for 10 min, then at 12,000 and 40,000 g at 4° for 15
and 90 min, respectively. The pellet was resuspended in 50
mM phosphate buffer with the same protease inhibitors, pH
7.5 (buffer B). Receptor ligand binding was performed as
described previously [17]. Aliquots of the membrane sus-
pension (30-50 g of protein) were incubated with differ-
ent concentrations of  1-[benzylic-4,4'->’H(N)]QNB
(PHIQNB) (New England Nuclear, sp. act. 44.8 Ci/mmol)
for 60 min at 25° in a total volume of 150 pL of buffer B.
Binding was stopped by adding 2 mL of ice-cold buffer
followed by rapid filtration (Whatman GF/c). Filters were
rinsed with 12 mL of ice-cold buffer and transferred into
vials containing 10 mL of scintillation fluid in a liquid
scintillation spectrometer. Nonspecific binding was deter-
mined in the presence of 5 X 10~° M of atropine and never
exceeded 10% of total binding. The radioactivity bound
was lower than 10% of total counts. For competition
binding experiments, atrial preparations were incubated
with increasing concentrations of muscarinic antagonists
(atropine, AFD-X 116, and pirenzepine) in the presence of
0.56 nM of [PHJQNB. Binding data were analyzed with the
computer-assisted curve-fitting program LIGAND [18] and
the parameters calculated correspond to simultaneous fit-
ting of N sets of binding data for each membrane.

Assay of PKC Activity

Atria from normal and diabetic rats were incubated for the
indicated times alone or in the presence of carbachol,
stimulant plus blockers, or blockers alone for a total
incubation time of 30 min in KRB solution at 30° and were
frozen immediately in liquid N,. PKC was purified from
subcellular fractions as described previously [19]. PKC
activity was assayed by measuring the incorporation of >*P
from [y->’P]ATP into histone H1 [20]. Incubations were
conducted for 30 min at 30° in a final volume of 85 pL. In
the final concentrations, the assay mixture contained
25 uM of ATP (0.4 nCi), 10 mM of magnesium acetate, 5
mM of B-mercaptoethanol, 50 pg of histone H1, 20 mM of
HEPES, pH 7.5, and, unless otherwise indicated, 0.2 mM of
CaCl, and 10 pg/mL of phosphatidylserine vesicles. The
incorporation of [**P]phosphate into histone was linear for
at least 30 min. The reaction was stopped by the addition
of 2 mL of ice-cold 5% trichloroacetic acid, 10 mM of
H;PO,. The radioactivity retained on the GF/c glass-fiber
filters after filtration was determined by counting the
oven-dried filters in 2 mL of scintillation fluid. PKC
activity was determined after subtracting the incorporation
in the absence of Ca*" and phospholipids. The data were
expressed in picomoles of phosphate incorporated into the
substrate per minute and per milligram of protein (pmol/
min/mg of protein). Another known PKC substrate pep-
tide, MBP (4—-14) from Life Technologies, was also used for
measuring PKC activity purified from subcellular cardiac
fractions, following the instructions of the PKC assay
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FIG. 1. Cumulative concentration—response curves of carbachol
in rat isolated atria from normal (-O-) and diabetic (—®-) rats.
dF/dt is expressed as a percent of decreased contractility calcu-
lated by comparison with the absolute values (g/sec: 7.4 = 0.6
and 7.1 = 0.5 for normal and diabetic atria, respectively) prior
to the addition of carbachol. Values represent the means = SEM
of eight different determinations in each group.

system of Life Technologies. PKC specificity was confirmed
by means of the PKC pseudosubstrate inhibitor peptide
PKC (19-36) provided by Gibco.

Measurement of Total Labeled IPs

Rat atria were incubated for 120 min in 0.5 mL of KRB
gassed with 1 wCi of myo-[1,2-’H(N)] inositol ([PHJMI)
(sp. act. 45 Ci/mmol, DuPont/NEN), and 10 mM of LiCl
was added for inositol monophosphate accumulation, ac-
cording to the technique of Berridge et al. [21]. Carbachol
was added 30 min before the end of the incubation period
and the blockers 30 min before the addition of carbachol.
After incubation, atria were quickly washed with KRB, and
water-soluble IPs were extracted after a 120-min incuba-
tion. Briefly, atria were homogenized in 0.3 mL of KRB
with 10 mmol/L of LiCl and 2 mL chloroform:methanol
(1:2, v/v) to stop the reaction. Then chloroform (0.62 mL)
and water (1 mL) were added. Samples were centrifuged at
2000 g for 15 min, and the aqueous phase of the superna-
tants (1-2 mL) was applied to a 0.7-mL column of Bio-Rad
AG 1 X 8 anion exchange resin (100-200 mesh) sus-
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TABLE 1. EC5, of muscarinic antagonists in the carbachol
inotropic effect on isolated normal and diabetic rat atria

ECso (X1078 M)

Addition Normal Diabetic

Carbachol 48 0.2 0.40 = 0.02
+Atropine 79 + 5% 8.2 = 0.9%
+AFD-X 116 52 = 7% 6.5 = 0.5%
+Pirenzepine 6.9 = 0.6 0.72 = 0.08

Atria were preincubated for 30 min with different antagonists before concentration—
response curves to carbachol were determined. The ECs, values were obtained from
concentration—response curves in the presence or absence of 1077 M AFD-X 116 or
atropine or 107 M pirenzepine. Values are means = SEM of eight different
experiments.

*Significantly different from carbachol alone, P < 0.001.

pended in 0.1 mol/L of formic acid, which had been washed
previously with 10 mmol/L of Tris formic acid, pH 7.4. The
resin was then washed with 20 vol. of 5 mmol/L of MI to get
the first peak of PH]MI incorporated in the tissue, followed
by 6 vol. of water, and finally IPs were eluted with 1 M of
ammonium formate in 0.1 M of formic acid (second peak).
One-milliliter fractions were recovered, and radioactivity
was determined by scintillation counting. Peak areas were
determined by triangulation. Results corresponding to the
second peak were expressed as the absolute values of the
area under the curve following the criteria of Simpson’s
equation. To determine the absence of PH]inositol in the
eluted peaks of IPs, thin-layer chromatography on silica gel
60 F254 sheets (Merck) was performed using appropriate
MI and IP standards as described before, following the
procedure of Hokin-Neaverson and Sadeghian [22].

Determination of NOS Activity

NOS activity was measured in atria by production of
[U-"Clcitrulline from ["*Clarginine according to the pro-
cedure described by Bredt and Snyder [23] for brain slices.
Briefly, after a 20-min preincubation in KRB solution, atria
were transferred to 500 pL of prewarmed KRB equilibrated
with 5% CO, in O, in the presence of ['*Clarginine
(0.5 wCi). Appropriate concentrations of drugs were added,

TABLE 2. Inhibition of [PHJQNB binding to rat cardiac
membranes

K; (nM)
Cholinoceptor agent Normal Diabetic
Atropine 14 1.2
AFD-X 116 55 68
Pirenzepine 385 352

Equilibrium dissociation constant values (K;) for the interaction of competing
ligands were calculated from the equation (Cheng and Prusoff [26]) X; = 1C50/1 +
(L)/K,, where 1Cso is the competing ligand concentration that half-maximally
inhibits the specific binding of the radioligand present at concentration (L). The ic5
values were obtained from seven competition experiments performed in duplicate at
several concentrations of each agent.
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FIG. 2. Concentration—response curves of carbachol-induced activation of PKC activity. Atria from normal (panel a) and diabetic
(panel b) rats were incubated with increasing concentrations of carbachol for 10 min, and PKC activity was determined on both
cytosolic (-O-) and membrane (—@-) fractions as described. “B” represents basal values in (panel a) and (panel b). Enzymatic activity
values shown are the means = SEM of seven independent experiments performed in duplicate.

and the atria were incubated for 20 min at 37°. Then atria
were homogenized with an Ultraturrax (IKA-Labortech-
nik) in I mL of medium containing 20 mM of HEPES,
0.5 mM of EGTA, 0.5 mM of EDTA, 1 mM of dithiothre-
itol, 1 uM of leupeptin, and 0.2 mM of PMSF, pH 7.4, at
4°. After centrifugation, supernatants were applied to
columns of Dowex AG 50 WX-8 (sodium form), and
[Clcitrulline was eluted with 3 mL of water and quantified
by liquid scintillation counting. Partial purification of NOS
was done by a 2’,5'-ADP-Sepharose column, as previously
described [16]. Measurements of basal NOS activity in
whole atria by the above-mentioned procedures were in-
hibited 95% in the presence of 0.5 mM of L-NMMA.. The
results (pmol/g of tissue wet wt) obtained for whole atria
were expressed as the difference between values in the
absence (381 * 21, N = 9) and in the presence (20 * 5,
N = 9) of L-NMMA.

cAMP and cGMP Assays

Tissues from normal and diabetic rats were incubated in 1
mL of KRB with 1 mM of 3-isobutyl-1-methylxanthine and
were gassed, with shaking at 37° for 30 min; carbachol was

added in the last 5 min. To evaluate the inhibitory effects
on cAMP production, PGE, (1 X 107% M) was added in
the last 3 min as an adenylate cyclase activator. When
blockers were used, they were added 25 min before the
addition of carbachol. After incubation, atria were homog-
enized in 2 mL of absolute ethanol and centrifuged at 6000
g for 15 min. Then the pellets were rehomogenized in
ethanol:water (2:1), and supernatants were collected and
evaporated to dryness. Residues were resuspended in 5 mM
of Tris=HCI, pH 7.4, containing 8 mM of theophylline,
0.45 mM of EDTA, and 6 mM mercaptoethanol and in
0.005 M of sodium acetate buffer, pH 6.2, for cAMP and
cGMP assays, respectively. cAMP determination was de-
veloped by the competitive protein-binding assay described
by Brown et al. [24], using PH]cAMP as the tracer.
Determination of cGMP was done using a radioimmunoas-
say (RIA) procedure with a ¢<cGMP 'I-RIA kit from
DuPont/NEN.

Protein Determination

Protein was measured according to Lowry et al. [25] using
bovine serum albumin as standard.
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Drugs

Freshly prepared solutions of the following drugs (purchased
from the Sigma Chemical Co.) were used: carbachol, atropine,
L-arginine, L-NMMA, pirenzepine, and NCDC. AFD-X 116
(11-[2-[(diethylamino)methyl]-1-piperdinyl-acetyl]-5,11-dihy-
dro-6H-pyrido-[2,3-b][1,4]-benzodiazepine-6-one) was pro-
vided by Boehringer Ingelheim Pharmaceuticals, Inc. All
concentrations quoted in the text represent the final ones in
the solution.

Statistical Analysis

Student’s t-test for unpaired values was used to determine
the levels of significance. Differences between means were
considered significant if P was equal to or less than 0.05.
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FIG. 3. Effect of carbachol upon phosphoinositide
turnover (formation of IPs) (upper panel) and
cAMP activity (lower panel). Atria from normal
and diabetic rats were incubated for 30 min in the
presence of 1 X 107 M of atropine (C), 1 X 107
M of AFD-X 116 (D), 1 X 10~° M of pirenzepine
(E), and 5 X 107® M of NCDC (F). Tissues were
then left in the absence (A) or presence (B) of 1 X
1077 M of carbachol. Absolute basal values of IPs
expressed as area under the curve per milligram of
wet weight tissue were: 135 * 12 and 141 * 15
for normal and diabetic atria, respectively. Atria
were treated as described in Materials and Methods.
Values are means = SEM of six experiments per-
formed in duplicate in each group. *Significantly
different from basal values, P < 0.001.

When multiple comparison was necessary, after analysis of
variance, the Student—-Newman-Keuls test was applied.

RESULTS

To study the muscarinic acetylcholine response in diabetic
rat hearts, contractile assays were performed. Figure 1 shows
the negative inotropism by increasing concentrations of
carbachol on normal and diabetic rat atria. The potency
(K,) was greater on diabetic rat atria than on atria from
normal controls, whereas the maximal effect (efficacy,
E ) was similar (Fig. 1). To assess which mAChR subtype
was involved in the contractile action of carbachol, the
effects of cholinoceptor antagonists were investigated. At-
ropine (1077 M) and AFD-X 116 (10~7 M), but not
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TABLE 3. Membrane PKC activity in normal and diabetic rat
atria: Effects of different blockers

PKC activity (pmol/min/mg protein)

Additions Normal Diabetic

None (basal) 0.7*+0.1 09 x0.1

CCh 5.5+ 0.3*% 5.8 = 0.2%
+Atropine 09 =0.1 0.8 0.1
+AFD-X 116 0502 1.1+0.2
+Pirenzepine 5.0 = 0.2% 54+ 0.3*
+NCDC 1.1 = 0.1 0.8+0.2

Rat atria were incubated for 30 min alone or with the muscarinic cholinergic blockers
atropine, AFD-X 116 (1 X 1077 M), pirenzepine (I X 107¢ M), or the phospho-
lipase C blocker NCDC (5 X 1079 M). Incubations were continued for 10 min more
in the presence of 1 X 1077 M of carbachol. PKC activity was determined as
indicated in membrane fractions. Results are the means * SEM of four experiments
performed in duplicate.

*P < 0.05, with respect to control basal values (none) obtained in the absence
of drugs.

pirenzepine (10~% M) significantly inhibited the carbachol-
induced negative inotropic effect, indicating that the most
important mediator in the negative inotropism induced by
carbachol in both groups of atria is the M, mAChR subtype
(Table 1). None of the drugs at the concentrations used
were able to modify the basal dF/dt of normal and diabetic
atria by themselves.

To determine if contractile supersensitivity of diabetic
atria to carbachol is a consequence of changes in their
receptors, radioligand binding assays were performed. The
equilibrium parameters were similar in normal (K; = 62 =
3 pM, B,... = 425 £ 21 fmol/mg protein, N = 6) and in
diabetic (K; = 70 = 5 pM, B,,.. = 521 * 15 fmol/mg
protein, N = 6) atria. Competitive binding assays with
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different antagonists confirmed that normal and diabetic
atria preferentially express M, mAChR (Table 2).

To demonstrate the nature of the mechanism triggering
the supersensitivity to carbachol in diabetic atria, we
studied second messenger production in response to cho-
linergic stimulation of normal and diabetic atria. No
significant differences between normal and diabetic rat
atria were obtained in the stimulatory action of carbachol
on PKC activity (Fig. 2) and the production of IPs (Fig. 3,
upper panel), or in the inhibitory action of carbachol on
PGE,-stimulated cAMP production between normal and
diabetic rat atria (Fig. 3, lower panel). It is noteworthy that
the M, mAChR subtype mediated all these signal trans-
duction events activated by carbachol (Fig. 3 and Table 3).
Also, NCDC, the phospholipase C inhibitor (5 X 107 M),
impaired the stimulatory action of carbachol on both
production of IPs (Fig. 3) and PKC activity (Table 3),
confirming a previous report [27].

To determine if an endogenous NO signaling system
participates in the cholinergic supersensitivity in diabetic
atria, the actions of carbachol on NOS activity and cGMP
production were assayed and compared in both normal and
diabetic tissues. Figures 4 and 5 show the effect of increas-
ing concentrations of carbachol on NOS activity (Fig. 4,
left panel) and cGMP production (Fig. 5, left panel). It can
be seen that carbachol induced a concentration-dependent
increase in NOS activity and cGMP production, shifting to
the left the agonist concentration—response curve in dia-
betic atria in a fashion similar to that observed in the
contractile studies (Fig. 1). The inhibition of NOS by
L-NMMA attenuated the muscarinic receptor-dependent
activation of both second messengers, while the natural
substrate L-arginine completely reversed the inhibitory

NO synthase activity

(pmol/g tissue wet wt)

Additions Normal _ Diabetic
None 345+ 19 448 £ 21
Carbachol (CCh) 617 £+ 26+ 914 £ 29+
Atropine + CCh 358 + 21 403 £ 23
AFD-X 116 + CCh 351+ 19 466 = 19
Pirenzepine + CCh 601 + 29+ 875 + 22~
L-NMMA + CCh 024 £+ 06+ 015 £ 09+

L-NMMA+L-arginine+CCh 572 + 24+ 891 £ 22+

FIG. 4. Left panel: stimulation of NO synthase activity by increasing concentrations of carbachol on normal (-O-) and diabetic (—-@-)
atria. Values are given as the percentage of stimulation above basal values (see “none” in the right panel for absolute values). Right
panel: NO synthase activity was measured after incubating atria with or without enzymatic inhibitors for 30 min and then for an
additional 10 min with 5 X 1077 M of carbachol under normal conditions or 5 X 10™% M of carbachol under diabetic conditions.
Results are means = SEM of seven experiments performed in duplicate in each group. The final concentrations of the inhibitors were:

atropine and AFD-X 116, 1 X 10~ 7 M; pirenzepine, 1 X 107 M; L-NMMA, 5 X 10~° M; and L-arginine, 5 X 10~* M. *Significantly

different from basal values, P < 0.001.
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Cyclic GMP

(pmol/g tissue wet wt)

Additions Normal _ Diabetic
None 4732 426 %5
Carbachol (CCh) 956 £ 7+ 895 7~
Atropine + CCh 487 +5 464 £3
AFD-X 116 + CCh 450 +6 434 6
Pirenzepine + CCh 946 + 6+ 849 +8*
L-NMMA + CCh 5407 5544
L-NMMA+L-arginine+CCh 94.4 + 9+ 932 £+ 9~

FIG. 5. Left panel: stimulation of cGMP production by increasing concentrations of carbachol on normal (-O-) and diabetic (-@-)
atria. Values are given as the percentage of stimulation above basal values (for absolute values see “none” in the right panel). Right
panel: cGMP production was measured after incubating atria with or without enzymatic inhibitors for 30 min and then for an additional
10 min with 5 X 1077 M of carbachol under normal conditions or 5 X 1078 M of carbachol under diabetic conditions. Results are
means + SEM of five experiments performed in triplicate in each group. The final concentrations of the inhibitors were: atropine and

AFD-X 116, 1 X 10~7 M; pirenzepine, 1 X 107 M; L-NMMA, 5 x 10™> M; and L-arginine, 5 X 10~* M. *Significantly different

from basal values, P < 0.001.

action of L-LNMMA on the effect of carbachol. Atropine
and AFD-X 116, but not pirenzepine, inhibited the stimu-
latory action of carbachol on both cGMP production and
NOS activity (Figs. 4 and 5, right panel).

To determine if endogenous NO and cGMP production
participate in the supersensitivity to the negative inotro-
pism triggered by carbachol in diabetic atria, inhibitors of
the enzymatic pathways involved in the muscarinic recep-
tor-dependent activation of NO and cGMP synthesis were
studied. Table 4 shows that the inhibition of cGMP and
NO production by methylene blue and L-NMMA shifted to
the right the carbachol mechanical effect, reaching ECs,
values that were similar in both normal and diabetic atria.
Table 4 also shows that L-arginine reversed the inhibitory
action of L-NMMA on the effect of carbachol.

TABLE 4. Influence of NO and c¢cGMP inhibitors on the
carbachol-induced negative inotropic effect on normal and
diabetic rat atria

ECso (X1078 M)

Addition Normal Diabetic
Carbachol 52*0.2 0.45 = 0.04
+L-NMMA 92 + 5% 105 = 9%
+L-NMMA + L-arginine 4.8 +0.2 0.70 £ 0.03
+Methylene blue 53 = 3.1* 82.0 £ 6.2%

Atria were exposed to increasing concentrations of carbachol in the absence or

presence, for 30 min, of NO and ¢GMP inhibitors. The ECs5, values were obtained

from those concentration—response curves. Results are means * SEM of seven

experiments in each group. The final concentrations of the drugs were: L-NMMA,

5 X 107° M; methylene blue, 1 X 107> M; and L-arginine, 5 X 107> M.
*Significantly different from carbachol alone, P < 0.001.

DISCUSSION

In this study, we examined the reactivity of short-term
diabetic atria to the action of muscarinic cholinergic
agonism. We used short-term STZ-induced diabetes to
provide valuable information about the underlying patho-
physiological changes that lead to chronic diabetic compli-
cations.

The present results demonstrated an increased ability of
the acutely diabetic rat heart to respond to carbachol,
pointing to a role for NO and ¢GMP in this response. The
supersensitivity in the negative inotropic response to car-
bachol observed in diabetic atria contrasts with data from
receptor binding studies, in which neither the affinity (K;)
nor the density (B_..) of the mAChR was modified.

A dissociation between the mechanical effect of the
agonist and the number of receptor sites has been described
previously. Carrier et al. [11] reported a post-junctional
muscarinic supersensitivity to the negative chronotropic
effect induced by cholinergic agonists, accompanied by a
decrease in the atrial muscarinic receptors during diabetes.
Moreover, hyperresponsiveness to the contractile effect of
a- and B-adrenergic agonists was also found in isolated left
atria from chronically and acutely diabetic rats [13, 28, 29],
accompanied in the latter by a decrease in the number of a-
and B-adrenoceptors.

The heart expresses M, mAChR preferentially [16].
Accordingly, in this paper, pharmacological analysis with
cholinergic antagonists tends to support the hypothesis that
carbachol effects on diabetic atria are also mediated by the
M, mAChR subtype. The contrast between receptor bind-
ing data and the carbachol-induced contractile response
suggests that downstream receptor levels could be involved
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in the supersensitivity to the mAChR agonist in diabetic
atria.

[t is known that in normal rat atria the interaction
between the agonist and the myocardial M; mAChR
induces many different signal transduction pathways [16]:
decreases contractility and cAMP production, and stimu-
lates phosphoinositide-specific phospholipase C and cGMP
production. The activation of NOS activity was also
demonstrated. Furthermore, M, mAChR activation by
carbachol exerts a negative inotropic effect, which is
associated with an increased production of NO and cGMP
[16].

Despite the supersensitivity to the negative inotropic
response to the muscarinic agonist observed in diabetic
atria, there was no difference in muscarinic activation of
PKC activity, stimulation of IPs, or cAMP formation [30,
31]. The unique biochemical change in diabetic atria was
the muscarinic activation of NOS and ¢cGMP formation
that were enhanced. However, the basal rate of NOS
activity is higher in diabetic atria than in normal atria,
although the basal production of cGMP is not different.
This selective difference suggests that the biochemical
alteration is at the NOS level rather than at the down-
stream guanylate cyclase level. An increment in endothe-
lial NOS activity in diabetic rat heart has been observed
[32]. Also, hyperreactivity to both acetylcholine and so-
dium nitroprusside in forearm vasculature in patients with
insulin-dependent diabetes mellitus has been reported [33].

The fact that the supersensitivity to the negative inotro-
pic response to carbachol in diabetic hearts was reversed by
the inhibition of NOS and guanylate cyclase activities
strongly suggests the participation of NO and cGMP
overproduction in this phenomenon. NO- and cGMP-
mediated supersensitivity is most relevant at lower than at
higher concentrations of carbachol, because the maximal
effect was similar in both normal and diabetic rat atria. This
is consistent with reports suggesting that the NO-cGMP-
mediated pathway predominates at low concentrations of
carbachol, while more than one signaling cascade accounts
for the maximal inotropic effect of muscarinic agonists in
rat atria [16].

Although it has been reported that ventricular myocytes
produce endogenous NO [34], we cannot rule out that a
constitutive NOS from the endothelium contributes to the
effect of carbachol in isolated rat atria. Moreover, NO
production mediates the effects of muscarinic agonists on
ventricular myocytes [34] and cholinergic inhibition of
L-type calcium currents in mammalian cardiac pacemaker
tissue [35]. It has been proposed that some of the physio-
logical effects of NO on myocardial contractile behavior
appear to be mediated by activation of guanylate cyclase
[16, 36]. Also, cGMP is a mediator of the reduction of
L-type calcium current induced by mAChR stimulation
and by NO [37].

It is known that the mechanism by which mAChR
increases cGMP production appears to occur secondarily to
the stimulation of phosphoinositide turnover via phospho-
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lipase C activation. This, in turn, triggers a cascade of
reactions involving calcium-calmodulin and PKC, leading
to activation of NOS with activation of soluble guanylate
cyclase by NO [16].

Our results indicate that even though the stimulatory
action of carbachol increases the production of IPs and
PKC activity to the same extent in normal and diabetic
conditions, it is possible that in the diabetic heart an
additional mechanism could be involved in the overac-
tivation of NOS. A factor to take into account is the
movement of calcium. Diabetes is associated with signif-
icant alterations in myocardial calcium homeostasis [14,
38-40]. These abnormalities with respect to calcium
handling may lead to the occurrence of intracellular
calcium overload. In rat atria, calcium-calmodulin and
PKC stimulation are required for carbachol activation of
the NO-cGMP-mediated pathway [16]. It is tempting to
speculate that the increase in intracellular levels of
calcium could activate the calcium-calmodulin-depen-
dent NOS, which, in turn, triggers the signaling events
that lead to the supersensitivity to cholinergic agonists
observed in the acute diabetic state.
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