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Abstract

The aim of this study was to find out lead interaction on acetylcholine-induced ileal (0.8"' to 1" longitudinal total strips) contractions in
varying calcium (Ca*) or magnesium (Mg**) media and the cholinergic mechanism. Potentiation of ileal strips by lead (Pb**) remained dose-
dependent as elicited by acetylcholine-induced contractions (1.81 x 10-* M to 1.28 x 10* M). These were completely antagonized by atropine
(1.01 x 10 M). Lead (1.2 x 10-° M) potentiated contractions caused by acetylcholine in normal or in excess Ca** media, but in low Ca** or
with various Mg** media, lead failed to potentiate such contractions. Thus Pb** has indirect cholinomimetic effect which involved

extracellular Ca*.
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Introduction

It is known that exposure of animals and humans to
heavy metals such as lead can result in neurological
dysfunction.” Pharmacodynamic effects of lead (Pb**) on
tension of smooth muscles,? interaction with
catecholaminergic function® and neuromuscular trans-
mission have been described.*¢ Intracellular calcium
(Ca*™) regulation is an important process since Ca**
mediates numerous cell functions.” Interactions of heavy
metals with cellular Ca** signalling mechanisms are
investigated as possible molecular mechanisms of heavy
metal toxicity.?

The regulation of the cytoplasmic Ca** concentrations
is important particularly in the nervous system as the
level of free Ca*™ affects both axonal conduction and
synaptic transmission.’ It is well known that the release
of acetylcholine from any site depends on the presynap-
tic transmembrane potential at that site and the concen-
tration of Ca* in the extracellular media.'® The exact
molecular mechanisms by which Pb** alters cholinergic
synaptic signalling are unknown. Lead toxicity may be
in part due to its ability to react with sulfhydryl (-SH)
containing enzymes,” involved in cellular energy pro-
duction' and other vital processes."”

It has been suggested that lead can be substituted for
Ca**16 and possibly zinc in ion-dependent events at the
synapse, and further responsible for the observed im-

pairment by Pb* on other neurotransmitter systems
such as cholinergic, gabergic and dopaminergic sys-
tems.'”1® |_ead activates protein kinase C, a second mes-
senger in the regulation of cellular metabolism.” Lead
may also replaces Ca** in calmodulin-dependent reac-
tions. It also inhibits membrane bound Na*-K*-ATPase
and thereby interfering with the mitochondrial release
of Ca** with impairment of energy metabolism.?*?! These
effects are potentially reversible if lead can be removed
from active sites. Thus Pb** is an effective substitute for
various Ca**-dependent processes.”’*%

Magnesium at the physiological level may be a Ca**
antagonist as it prevents contractions of vascular and
non-vascular smooth muscle.”** Mg** may either regu-
late membrane permeability of Ca** or occupy mem-
brane sites which are exchangeable with membrane
bound Ca**.2%® Further studies of Pb** interaction with
acetylcholine in rat isolated ileum especially in Ca**
utilisation are a void area. Hence, we undertook to study
lead effects and the role of extra-cellular Ca** on
muscuranic-acetylcholine (ACh) receptor mediated
smooth muscle contraction in rat ileum.

Materials and Methods

Wister strain albino rats of either sex weighing 250 g to
300 g were employed. The live animals were sacrificed
by a blow on the head, and the ileum (0.9” to 1" total strip)
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was immediately dissected out and placed in a petri dish
containing Tyrode solution of the following composi-
tion (in mM): NaCl 137, Kcl 2.7, CaCl2H,0O 1.4,
MgCL6H,0 2.0, NaH,PO,2H,0 0.32, NaHCO, 12 and
glucose 5.55 in de-ionised distilled water. Ileal smooth
muscle strips were placed into a 30 ml of organ bath
containing Tyrode solution (pH 7.4) which was continu-
ously bubbled with 95% oxygen and 5% carbon dioxide
and maintained at 37°C + 0.05°C. The preparation was
allowed to stabilise for 30 min. Contractions of ileal
muscle strips were recorded on a smoked drum with an
isotonic frontal writing lever which was under 500 mg
tension and given a ten-fold magnification. The acetyl-
choline response (muscurinic effect) on ileal strips was
confirmed by an antagonist atropine (1.01 x 10*M).

The cumulative dose-response curve for acetylcholine
was determined. The preparation was then exposed to
Pb (NO,), (1.2 x 1 0-°* M) for 30 min and the dose-response
curve of acetylcholine was re-determined in the pres-
ence of Pb (NO)), (1.2 x 10° M).

In a second set of experiments, after establishing an
ACh cumulative concentration-response curve of ace-
tylcholine in control Tyrode medium, the preparation
was exposed to either Ca** free or high Ca** (2.8 mM)
Tyrode solution for 30 min. The concentration response
curves were then re-determined in the presence of Pb**
(1.2x105M).

In a third set of experiments, after establishing an ACh
concentration, response curves in control Tyrode solu-
tion were established. The preparation was exposed to
either Mg** free or high Mg** (4.0 mM) solution for 30
min. The dose response curve was then re-determined in
the presence of Pb** (1.2 x 10° M). In another set of
experiments the same protocol was repeated in the
presence of EDTA (3.0 x 10° M).

Results

The acetylcholine-induced contraction of the ileum
was found to be concentration-dependent (1.8 x 10 M to
1.28 x 10* M). ACh effect on ileum was completely
antagonised by atropine (1.01 x 10® M).

Rat ileum preparation incubated in Ca** free Tyrode
solution with EDTA for 30 min showed a decrease in
both sensitivity and in maximal responses to acetylcho-
line. When such preparation was incubated in the pres-
ence of Pb** (1.2 x 10° M) in normal Ca** (1.4 mM) for 30
min, it exhibited an increase in sensitivity and enhanced
maximal response to acetylcholine. Preparations incu-
bated in excess Ca** (2.8 mM) Tyrode solution for 30 min
also showed a decrease in sensitivity and attenuated the
maximal response to acetylcholine. When these prepa-
rations were incubated in excess Ca** (2.8 mM) medium
for 30 min in the presence of Pb** (1.2 x 10° M), the
responses were potentiated to acetylcholine more than
potentiated preparations (Fig. 1).
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Ileum strips incubated in Mg* free Tyrode solution
showed a decrease in sensitivity and reduced maximal
responses to acetylcholine (60.15 + 0.3% of the control,
P <0.05, Fig. 2, Table I). In contrast, incubation in me-
dium containing excess Mg* (4.0 mM) reduced the
maximal responses to acetylcholine (40.69 + 1.2% of the
control, P <0.05, Fig. 1, Table I). All the preparations
when incubated in normal Mg**(2.0 mM), Mg** free or
excess Mg** (4.0 mM) media in the presence of Pb** (1.2
x 10° M) failed to potentiate the maximal response to
acetylcholine (Fig. 1, Table I).

Rat ileum preparation incubated in Mg** free Tyrode
solution with EDTA showed a less increase in sensitivity
and an increase in maximal response to acetylcholine
(60.35 + 2.2% of the control; Fig. 3; Table 1) which was less
than that obtained in the absence of EDTA (Fig. 1).

However, incubation in medium containing excess
Mg** (4.0 mM) also showed a reduction in both sensitiv-
ity and maximal response (45.40 + 2.5% of the control;
Fig. 3, Table I). Here, in spite of a rise in maximal
responses, it was less when compared to that obtained in
the absence of EDTA (Fig. 2). When these preparations
were incubated in the presence of Pb** (1.2 x 10° M) in
any Mg** concentrations, there was decrease in sensitiv-
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Fig. I. Effects of Pb** (1.2 x 10°M) on the concentration response curves of ACh obtained
in rat ileum exposed to media containing Ca** (1.4 mM), no Ca** and excess Ca** (2.8
mM) concentrations. Each point of the curves represents the mean of 6 experiments and
vertical bars the SEM. **P <0.05
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TABLEIL: EFFECT OF Pb** ON MAXIMUM RESPONSES TO
ACETYLCHOLINE IN RAT ILEUM EXPOSED TO
DIFFERENT CONCENTRATION OF Mgt TYRODE
MEDIUM, WITHOUT AND WITH EDTA (3x10° M).

Treatment n % maximum
response + SE
Without EDTA
Acetylcholine
Mg (2.0 mM) 6 100.00 = 0.0
Mg* (0.0 mM) 6 60.15 £ 0.3*a
Mg* (4.0 mM) 6 40.62 +1.2*a
ACh + Pb™ (1.2x 10° M)
Mg (2.0 mM) 6 102.16 + 1.6
Mg* (0.0 mM) 6 80.35 £2.3*a
Mg+ (2.0 mM) 6 50.66 * 3.2*a
With EDTA (3 x 105 M)
Acetylcholine
Mg* (2.0 mM) 6 98.66+ 1.5
Mg (0.0 mM) 6 62.35 +2.2%a
Mg** (4.0 mM) 6 45.40 £ 2.5*%a
ACh * Pb™ (1.2 x 10° M)
Mg+ (2.0 mM) 6 100.25 + 2.6
Mg* (0.0 mM) 6 82.88 +1.5%a
Mg** (4.0 mM) 6 55.35 +3.5%a

n: number of experiments
a significant difference from corresponding value in 2.0 mM Mg*
* P <0.05
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Fig. 2. Effects of Pb** (1.2 x 10°M) on the concentration response curves of ACh obtained
in rat ileum exposed to normal Mg** (2.0 mM), Mg** free and excess Mg** (4.0 mM)
without EDTA. Eachpoint of the curves represents the mean of 6 experiments and vertical
bars the SEM. **P <0.05

TABLEIl: EFFECT OF Pb* ON THE NEG LOG MOLAR ED,,
VALUES OF THE CONCENTRATION DOSE RESPONSE
CURVES OF ACETYLCHOLINE IN ILEUM OBTAINED
FROM RATS AND EXPOSED TO Mg*™ IN TYRODE
MEDIUM, WITHOUT AND WITH EDTA (3x10° M)

Treatment n Mean neg log molar P value
ED,, value + SE
Acetylcholine
Without EDTA
2.0 mM Mg*
Control 6 5.12+0.02 <0.05
Lead 6 5.30 + 0.06
0.0 mM Mg+
Control 6 4.00 +0.16a <0.05
Lead 6 740+0.1la
4.0 mM Mg+
Control 6 0.0+0.0a < 0.01
Lead 6 3.80 £ 0.06a
With EDTA (3 x10° M)
2.0 mM Mg+
Control 6 4,98 + 0.06 <0.05
Lead 6 4.90+0.08
0.0 mM Mg+
Control 6 4.18 +0.10a < 0.01
Lead 6 7.85%0.12a
4.0 mM Mg**
Control 6 0.00£0.0a <0.05
Lead 6 3.98+0.12a

n: number of experiments
a significant difference from corresponding value in 2.0 mM Mg**
P <0.05

ity and in maximal response to acetylcholine (Fig. 3).
Thus, in the presence of Pb**, any magnesium concentra-
tions in the media without EDTA or with EDTA failed to
potentiate such contractions in rat ileal preparations.

Discussion

Smooth muscle contraction is initiated when an ago-
nist binds to a receptor and activates a series of events
which increase intracellular Ca** concentration. Con-
tractile response to 5-hydroxytryptamine in isolated rat
ileum is inhibited by Pb**,2whereas in this study, acetyl-
choline resulted in an increase in tension of ileum,
suggesting the existence of binding site for this agonist in
the ileum. Contractions of rat ileum in response to
acetylcholine were blocked by atropine indicating
muscarnic receptor-mediated response. Present obser-
vations have shown that acetylcholine is able to elicit a
small residual contractile response even in the absence
of extracellular Ca**. This would suggest that this ago-
nist utilises another source of intracellular Ca** stor-
age. 332 Such responses are all similar to those of bovine
coronary artery,” swine trachealis,* the circular layer of
the guinea pig and human stomach,*?¢ rat duodenum®
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Fig. 3. Effects of Pb** (1.2 x 1 0-*M) 0N the concentration response curves ofACh obtained
in rat ileum exposed to normal Mg** (2.0 mM), Mg** free (0.0 mM) and excess Mg** (4.0
mM) with EDTA (3 x 10°M). Each point of the curves represents the mean of 6
experiments and vertical bars the SEM. **P <0.05

to acetylcholine. Our study provides an evidence for
intracellular Ca** release by acetylcholine and further
shows that Pb** has a role facilitating the entry of Ca**
inside the cell and serves as a Ca** agonist enabling
release of acetylcholine.

Lead is unique because it appears to resemble Ca**
sufficiently to produce normal or nearer to the biologic
response when it interacts or substitutes for a Ca** in
Ca**-dependent processes such as: (i) Ca** channels in
the membrane,! (ii) Ca** pump and Ca*™ ATPase," (iii)
Ca** uptake into mitochondria, (iv) Ca** and
calmodulin-dependent processes,'*** (v) binding to
potential Ca** binding protein (probably by Ca**
absorption)*®and (vi) Ca**-dependent K* permeability.'®
This could lead to an increase in the ionised Ca** level,*
resulting in the disruption of a number of Ca**regulated
processes including acetylcholine release.

In this study, the peak-tension of acetylcholine stimu-
lated the ileum by gradually adding an equimolar ace-
tylcholine doses, which gradually decreased the maximal
responses of ileum in the Ca** free media, indicating the
exhaustion of intracellular Ca** stores. The present in-
vestigation does not provide direct evidence for acetyl-
choline-induced intracellular Ca** release. However,
several experimental observations support this hypoth-
esis: (i) contractions of rat ileum to acetylcholine were
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markedly attenuated by atropine indicating muscarinic
receptor mediated response, (i) muscarinic receptors in
various tissues are coupled to phosphoinositide hy-
drolysis,” (iii)inositol-1,4,5-trisphosphate, a product of
phosphoinositide hydrolysis can induce intracellular
Ca** release in a pancreatic cell* suggesting that acetyl-
choline utilises intracellular sources of Ca** as well as
extracellular ones to produce contraction in rat ileum, an
effect that may be linked to its ability to increase
phosphoinositide hydrolysis*#° which can induce intra-
cellular release of Ca** and that facilitates the release of
neurotransmitter i.e. acetylcholine.

The dose-related augmenting effect of Pb** on acetyl-
choline-induced contraction of the ileum was observed
with different Ca** concentrations in the media. These
observations are consistent with a leftward shift in the
concentration response curve (Fig. 1). This potentiating
effect of acetylcholine could theoretically be the result of
several mechanisms including increased levels of
acetylcholine by increasing the synthesis of acetylcho-
line or a decreased turnover of acetylcholine or
inhibition of acetylcholine esterase'” and an increased
affinity of agonist for the post synaptic muscarinic
receptor. The contractions induced by acetylcholine were
dependent on the presence of extracellular Ca** in the
media. The increased in sensitivity and enhanced
maximal responses and foot of the concentration
response in preparations incubated in normal or Ca**
excess media suggest that Pb** acts on processes that rely
upon extracellular Ca**. The statement is supported by
the decrease in concentration response curve respon-
siveness to acetylcholine by Pb** in a preparation
incubated in Ca** free media. However, the slight rise in
concentration response curve attained by Pb** (compare
with Ca** free control, Fig. 1) could in part be related to
intracellular Ca** sources that were not totally depleted
by incubation in Ca** free media. Residual Ca** within
the tissue was a contributing factor for developing
tension as no EDTA was added to the media. It is
unlikely that Pb** induced contraction by competing
with Ca** for activation. If so, it would be expected that
the Pb** induced contraction by competing with Ca** in
the Ca** free media. However, the possibility remains
that Pb** may compete with Ca*™ once they have entered
the myoplasm. Their entrance into the cell could be
mediated through Ca** transport processes. All heavy
metals may provoke changes to a specific ionflux i.e.,
Na*, Ca** or K*, across the membrane due to -SH inter-
action. Modification of -SH with an alkylating agent
results in an increased Ca** efflux® rate indicating an
increased myoplasmic Ca** level* and increased leak-
age of Ca* through the sarcoplasmic reticulum vesicles
isolated from skeletal muscle.*?

Changes in the membrane potential by firing of action
potentials and also in a depolarised muscle by increas-
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ing intracellular Ca** affects the contractile response of
the muscle cell by acetylcholine. The reduction in mem-
brane potential increases permeability of Ca** leads to
influx of Ca* from an extracellular source.* Lead pro-
duced potentiation of acetylcholine-induced responses
of preparations which were bathed with the medium
containing normal or excess Ca**, whereas Pb** failed to
potentiate the acetylcholine-induced responses inprepa-
rations which were exposed to Ca** free or any Mg**
concentration in media (Fig. 2). Interpretation of these
results is complicated by the observation of an increased
sensitivity of acetylcholine in rat ileum, which probably
interferes with Na**, Ca** exchange process mediated by
membrane bound Na*-K*-ATPase or a reduction in en-
zyme-dependent Na*Ca** exchange process or block of
the entry of Ca** via voltage gated Ca**channels through
which Pb** at higher concentrations also penetrates and
then acts as Ca** to promote transmitter release.

The augmenting effect of Pb** on acetylcholine-in-
duced contraction was much less (but significant) in the
presence of EDTA compared to that of its absence. The
EDTA (3 x 10° M) was present in Tyrode solution to
protect exogenously administered acetylcholine in the
bath from the oxidation catalysed by the presence of
trace metals in the solution. The lack of observable Mg**
induced supersensitivity might have been due to the
presence of EDTA which could interfere with increased
membrane permeability to Ca**. In excess Mg** medium
without EDTA, there was marked inhibition by Pb**
responses to acetylcholine (Fig. 2). In the presence of
EDTA, the inhibition observed in excess Mg** media was
superimposable with the control curve (Fig. 3).- This
would suggest the possibility of antagonism between
Pb** and Ca** at the membrane-binding sites, thus in a
manner of Ca*™, Mg** antagonism. It has been suggested
that there is a competition between Pb*+ and Ca** for the
same binding sites at the membrane and or at intracellu-
lar sequestering sites like the sarcoplasmic reticulum
and mitochondria.*

In conclusion, the present experiments and the data of
the literature sighted suggest that lead potentiated con-
tractions caused by acetylcholine in normal or excess
Ca*™ media, but this low Ca** or any Mg** concentrations
in the media Pb** failed to potentiate such contractions
at cellular level by inducing a Ca** accumulation or an
increase of the intracellular exchangeable Ca**. This was
available from extracellular media facilitating contrac-
tion or activation of the intracellular Ca** stores or Ca**
binding or the processes of Ca** extrusion are inhibited.
No single mechanism appears to account for the diverse
effects of Pb** and most likely it will eventually be found
that Pb** exerts its toxic effects by acting at several
cellular and subcellular Ca** regulatory sites.

Lead in many occupations results in morbidity, par-
ticularly tremors, memory deficits, anaemia, muscular

degeneration, cramps. The mechanism of lead induced
impairment in smooth and striated muscles is not yet
clearly known. The key factor is its intervention of the
cholinergic dynamics. Invariably, elements play a vital
role in acetylcholine as well as other effects of
neurochemicals. In our study, the role of both intracellu-
lar and extra-cellular Ca** in an in vitro smooth muscle
set up explains the effects of lead and this enables a
clinical importance of channel blockers in Pb** toxicity.

Acknowledgements

The authors would like to thank the Director, National
Institute of Occupational Health, Ahmedabad for his
encouragement and support during this period of study.

REFERENCES

Needleman H L. Lead toxicity. In: Singal R L, Thomas ] P, editors. Baltimore,
Munich: Urban and Schwarzenberg, 1980:1-17.

2. Ryden E B, Walsh C T. The effect of lead on cholinergic contractile function
in the rat stomach. Toxicology 1987; 45:65-78.

Winder C. The interaction between lead and catecholaminergic function.
Biochem Pharmacol 1982; 31:3717-21.

Atchison W D, Narahashi T. Mechanism of action of lead on neuromuscular
junctions. Neurotoxicology 1982; 5:267-82.

Pickett J B, Boinstein ] C. Lead competitively inhibits calcium dependent
evoked release at rat neuromuscular junctions. Neurology 1978; 28:335-9.

Cooper G P, Manalis R S. Influence of heavy metals on synaptic transmis-
sion: A review. Neurotoxicology 1983; 4:69-84.

Augustine G, Charlton M, Smith S. Calcium action in synaptic transmitter
release. Annu Rev Neurosci 1987; 10:633-93.

8. Pounds J G. Effect of lead intoxication on calcium homeostasis and calcium
mediated cell function: A review. Neurotoxicology 1984; 5:295-332.

9. Wang Y X, Quastel D M J. Actions of lead on transmitter release at mouse
motor nerve terminals. Arch Eur J Physiol 1991:419:274-80.

10. Maclntosh F C. Acetylcholine in basic neurochemistry. In: Siegel G J, Albers
R W, editors. Boston: Little Brown, 1976:180.

11. Mills J S, Johnson J D. Metal ions as allosteric regulators of calmodulin. ] Biol
Chem 1985; 260:15100-5.

12. Aronswtam R S, Edlefrawi M E. Transition and heavy metal inhibition of
ligand binding to muscarinic acetylcholine receptors from rat brain. Toxicol
Appl Pharmacol 1978; 48:489-96.

13. Silbergeld E K. Neurochemical and ionic mechanisms of lead neurotoxicity.
Mechanisms of actions of neurotoxic substances. In: Prasad KN, Aernadakis
V, editors. New York: Raven Press, 1982:1-25.

14. Simons T ] B. Cellular interactions between lead and calcium. Br Med Bull
1986, 42:431-4.

15.  Simons T ] B. Active transport of lead by human red blood cells. FEBS Lett
1984; 172:250-4.

16. Simons T ] B. Influence of lead ions on cotton permeability in human red cell
ghosts. ] Membr Biol 1985; 84:61-71.

17. Silbergeld E K. Mechanism of lead neurotoxicity or looking beyond the
lamppost. FASEB ] 1992; 6:3201-6.

18. Verity M A. Nervous system. Metal toxicology. In: Goyer R A,
Klaassen C D, Waalkes M I, editors. San Diego, California: Academic Press,
1995:199-226.

19. Markovac ], Goldstein G W. Lead activates protein kinase C in immature rat
brain microvessels. Toxicol Appl Pharmacol 1988; 96:14-23.

Annals Academy of Medicine



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Lead & Cholinergic Contractile Function in Rat Ileum-D N Gandhi et al

Simon T J B. Cellular interactions between lead and calcium. Br Med Bull
1986; 42:431-4.

Goyer R A. Results of lead research: Prenatal exposure and neurological
consequences. Environ Health Perspect 1996; 104:1050-4.

Huddart H, Latham H. Calcium regulation in ileal smooth muscle-Il.
Interaction sodium and magnesium in calcium counter exchange. Gen
Pharmacol 1981; 12:161-8.

Gandhi D N, Gulati 0 D, Hemavathi KG. Blockade of 5-hydroxytryptamine
induced responses of rat seminal; vesicle by lithium possible mediation
through calcium exchange. Arch Int Pharmacodyn 1981; 253:220-32.

Gandhi D N, Gulati 0 D, Hemavathi K G. Influence of Mg++ and reserpine
on the reactivity of rat seminal vesicle to 5-hydroxytryptamine. Arch Int
Pharmacodyn 1983; 262:189-98.

Gandhi D N, Venkatakrishna-Bhatt H. Effects of hexachlorocyclohexane
(HCH) on the contractile response induced by norepinephrine (NE) in the
rat isolated vas deferens. Pharmacol Toxicol 1989; 65:376-80.

Gandhi D N, Venkatakrishna-Bhatt H. Inhibitory effect of lead on 5-
hydroxytyryptamine induced contractions of isolated ileum of rat. Agents
Actions 1991; 33:337-42.

Gandhi D N, Venkatakrishna-Bhatt H. Magnesium and reserpine influence
norepinephrine sensitivity of vas deferens in rats. Indian J Physiol Pharmacol
1993; 37:109-14.

Krishnamurthy V S R, Grollman A. The mechanism of contraction of rat
aorta to various agonists. Arch Int Pharmacodyn 1976; 220:180-8.

Ratz P N, Flaim S F. Acetylcholine and 5-hydroxytryptamine stimulated
contraction and calcium uptake in bovine coronary arteries. Evidence for
two populations of receptor operated calcium channels. J Pharmacol Exp
Ther 1985; 234:641-7.

Sheih C C, Petrinic M F, Dwyer T M, Farley J M. Concentrations dependence
of acetylcholine induced changes in calcium and tension in swine trachealis.
J Pharmacol Exp Ther 1991; 256:141-8.

Biter KN, Burgess G M, Putney J V, Makhlouf G M. Source of activator Ca++
in isolated and human gastric muscle cells. Am J Physiol 1986; 250:280-6.

Grider ] G, Makhlouf G M. Contraction mediated by Ca++ release in circular

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

493

and Ca++ influx in longitudinal intestinal muscle cells. ] Pharmacol Exp
Ther 1988; 244:432-7.

Cem Suer, Erenmemisoglu A, Temocin S, Akar S, Beydagi H, Taspolat 1.
Influence of calcium removal from bath solution on isolated rat duodenum
contractions. Indian J Physiol Pharmacol 1992; 36:181-4.

Silbergeld E K. Mitochondrial mechanisms of lead neurotoxicity. In:
Narahashi T, editor. Cellular and Molecular Neurotoxicology. New York:
Raven Press, 1984:153.

Kapoor S C, Van-Rossum G D V. Effects of Pb++ added in vitro on Ca++
movements in isolated mitochondria and slices of rat kidney cortex. Biochem
Pharmacol 1984; 33:1771-8.

Habermann K E, Crowell K, Janicki I'. Lead and other metals can substitute
for Ca++ in calmodulin. Arch Toxicol 1983; 54:61-70.

Chao S H, Suzuki Y, Zysk J R, Cheung W Y. Activation of calmodulin by
various metal actions as a function of ionic radius. Mol Pharmacol
1984; 26:75-82.

Fulmer C S, Edelstein S, Wasserman R H. Lead binding properties of
intestinal calcium binding protein. J Biol Chem 1985; 260:6816-9.

Sownes C P. Receptor stimulated inositol phospholipid metabolism in the
central nervous system. Cell Calcium 1982; 3:413-28.

Streb H, Irvine R F, Berridge M ], Schultz I. Release of Ca++ from a non
mitolchondrial intracellular store in pancreatic acinar cells by inositol1,4,5-
triphosphate. Nature 1983; 306:67-9.

Tomera ] F, Harakal C. The role of sulfhydryl groups in aortic responses
using N-ethylmalcimide. J Cardiovasc Pharmaco! 1981; 3:1093-105.

Abramson J J, Trimm J L, Weden L, Salam G. Heavy metals induce rapid
calcium release from sarcoplasmic reticulum vesicles isolated from skeletal
muscle. Proc Natl Acad Sci USA 1983; 80:1526-30.

Bolton T B. Mechanisms of action transmitter and other substances on
smooth muscle. Physiol Rev 1979; 59:606-18.

Suszkiw B7J, Toolth B, Murawisky M, Cooper G. Effects of Pb++ and Ca++
on acetylcholine release and Ca++ movements in synaptosomes and sub-
cellular fraction from rat brain and torpedo electricorgan. Brain Res 1984;
323:31-46.

July 1999, Vol. 28 No. 4



	Content

