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MUSCARINIC M1 AND M3 RECEPTOR BINDING ALTERATIONS IN
PANCREAS DURING PANCREATIC REGENERATION OF YOUNG
RATS
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11 The importance of muscavinic veceptors in proliferation of different cell (ypes and in insulin
secretion from pancreatic betr cells has been extensively studied. However, the yole of pancreatic
muscarinic receplors duying pancreatic yegenevation has not yet been studied. For the furst time, the
Junctional status of the muscarinie M1 and M3 veceptors in yegenevation of the panereas is investi-
gated heve. 1t is obsevved that the waomber and affinity of high-affinity muscavinic M3 yeeeplors
inereased at the time of yegeneration. The low affinity M3 veceptors also showed a similay trend. In
the case of muscarvinic M1 veeeptors, the veceptor nuwber incyveased with a decrease in affinity. We
also observed an increase in the civeulating insulin levels al the time of active vegeneration. The in
vitv stidies confivmed that muscarinie yeeeptors are stimulatoy to insulin secyetion. Ouy yesults
suggest that the increased muascavinie M1 and N3 yeceptor subtypes stimilate tnsulin secvetion and
islet cell proliferatior dwving the vwgeneration of pancieas.
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INTRODUCTION

Pancreatic regeneration after partial pancreatectomy is a very usefnl
mode! 10 study the mechanism involved in the cell proliferation and
growth of the pancreas. Sixty percent partial pancreatectomy does not
result in glucose intelerance or permanent diabetes. This maintenance of
glucose homeostasts is due to regeneration among the remaining pancre-
atic B cells (1.2).

The central nervous system through parasympathetic and sympa-
thetic pathways regulates insulin secretion from pancreatic islets. The
pancreatic islets are innervated by the postganglionic cholinergic nerves
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cmanating from the nerve cell bodies in the pancreatic ganglia (3,4).
Stimulation of the peripheral vagus nerve leads to an increase in circu-
lating insulin levels. Anatomical studies suggest that the origin ol these
vagal_efferent fibers is nucleus ambiguous and dorsal motor nucleus
directly innervating the pancreas (5). There is evidence to suggest that
prolonged stimulation of insulin sccretion in wvivo leads to a compensi-
tory increase of the total volume of the panereatic islets in partially pan-
createctomized rats (6). Our previous studies revealed that there is an
increase in muscarinic M3 receptors in the brainstem of partially pancre-
atectomized rats during regenceration (7). Studies from our laboratory
found that the adrenergic receptor’s function increased, whercas the
high-aflinity serotonergic receptor’s affinity decreased in the brainstem
of streptozotocin-diabetic rats (8,9). Previous studies demonstrated that
the cholinergically induced insulinotropic action is mediated by the
muscarinic receptors (10).

Radioreceptor binding studices revealed the presence of muscarinic
receptors in the pancreatic islets (11). Studies by Lismaa et al. (12) demon-
strated that both M1 and M3 muscarinic receptors are abundant in the rat
pancreatic islets, as well as in RIN cell lines. Studies have shown that musca-
rinic M1 and M3 receptors coupled to the mitogen-activated protein kinase
(MAPK) (13). Studies on human embryonic kidney cell transfected with M3
receptors indicated that M3 receptor is coupled to MAPK via both protein
kinase-dependent and € endothelial growth factor receptor-dependent
mechanisis (14).

Endocrine pancreas regeneration is considered to be an exciting
approach for developing a therapy to diabetes mellitus. The clucidation of
different factors involved in pancreatic regeneration is negessary to estab-
lish it as a therapy. Studies revealed that nutrients, including glucose,
growth hormone, and insulin, are stimulatory to B-cell replication (15-18).
However, the involvement of cholinergic system in endocrine pancreas
regeneration is yet to be investigated. In this work, the pancreatic muscar-
inic M1 and M3 receptor kinetics were studied during pancreatic regenera-
tion in rats after partial pancreatectomy.

MATERIALS AND METHODS

Chemicals .

All reagents were of analytical grade. Quinuclidinyl  benzilate
(QNB), L-[Benzilic-4,4"11] (Sp. Activity 42 Ci/mmol), and 4-dipheny-
lacetoxy-N-methylpiperidine (4-DAMP), [N-methyl'H] (Sp. Activity 83
Ci/mmol), were purchased from NEN Life Sciences Products, Inc. (Boston,
MA, USA).
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Animals

Male Wistar weanling vats of 80 to 100 g body weight were purchased
from Central Institute of Fisheries Technology (Cochin, Kerala, India) and
used for all experiments. They were housed in separate cages under 12-hour
light and 12-hour dark periods, and were maintained on standard food
pellets and water ad libitum.

Partial Pancreatectomy

Rats were anesthetized under aseptic conditions, the body wall was cut
opened, and 60% 1o 70% of the total pancreas, near to the spleen and
duodenum, was removed (19). The removal of most of the pancreas was
done by gentle abrasion with cotton applications, leaving the major blood
vessels supplying other organs intact (20). The sham was done inan iden-
tical procedure, except that the pancreatic tissue was only lightly rubbed
between fingertips using cotton for a minute instead of being removed.
Body weight and blood glucose levels were checked routinely. The rats
were maintained for different time intervals—72 howrs and 7 days. They
were sacrificed by decapitation, and the pancreas was dissccted out
quickly over ice.

Blood glucose was estimated by a Glucose Estimation Kit (Merck), using
the glucose oxidase-peroxidase method.

Islet Isolation

Pancreatic islets were isolated from the rats by standard collagenasce
digestion procedures using aseptic techniques (€1). The islets were iso-
lated in HEPES-buflered sodium-free  Hanks halanced  salt solution

(11BSS) (22).

Insulin Secretion Studies in Pancreatic Islets

Islets were harvested after removing the fibroblasts and resuspen-
ded in Krebs Ringer bicarbonate bulfer, pll 7.3 (KRB). The isolated islets
were incubated at 87 °C with 10°% 10 10" M concentrations of carbachol
(cholinergic agonist) and two different concentrations off glucose (i.c.,
4 mM glucose and 20 mM glucose). To study the effect of muscarinic
receptor, islets were incubated with combinations of atropine (107" M),
the general muscarinic receptor antagonist, and carbachol. After incuba-
tion, cells were centrifuged at 1500 x g for 10 minutes at 4 °C, and
the supernatants were transferved 1o fresh tubes for insulin assay by
radioimmunoassay.
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Muscarinic Receptor Binding Studies

[*H]-QNB and [*H]-4-DAMP binding assays in the islets were done
according to the modified procedure of Ahren et al. (23). Islets were
homogenized for 30 scconds in a polytron homogenizer with 10 ml
medium of pH 7.4 consisting of 50 mM Nay,HPO,/NaH,PO, and 2 mM
MgCly, with the addition of BSA (1 mg/ml), bacitracin (0.2 mg/ml), and
aprotinin (500 kallikrein inhibitor units/ml). The homogenate was then
centrifuged at 30,000 x g for 30 minutes, and the pellets were resus-
pended in appropriate volume of the same buffer. [*TT-QNB binding
assays were done using different concentrations (i.e., 0.1=5 nM of [*H1])-
QNB with 150-200 pg protein). Nonspecific binding was determined
using 100 pM pirenzepine. Muscarinic M3 receptor binding assays were
done using différent concentrations (i.c., 0.01--10 nM of [*H]-4-DAMP
with 150-200 pg protein), and nonspecific binding was determined using
100 pM 4-DAMP mustard. The tubes were incubated at 22 °C for 2 hours
and filtered rapidly through GF/C filters (Whatman). The filters were
washed quickly by three successive washings with 5.0 ml of ice-cold
phosphate assay buffer (pIl 7.4). Bound radioactivity was counted with
cocktail-T" in a Wallac 1409 liquid scintillation counter. The nonspecific
binding was found to be 30% 10 10% in all our experiments. Protein was
measured by the method of Lowry et al., (24) using bovine serum albumin
as standard.

The data were analyzed according to Scatchard (25). The specific bind-
ing was determined by subtracting nonspecific binding from the total. The
binding parameters, maximal binding (8,,,.) and equilibrium dissociation
constant (K), were derived by linear regression analysis by plotting the spe-
cific binding of the radioligand on X-axis and I)nmul/(‘r(:c on Y-axis. The
maximal binding is a measure of the total number of receptors present in
the tissue, whereas the equilibrium dissociation constant is a measure of the
affinity of the receptors for the radioligand. The K, is inversely related to
receptor allinity. 7

RESULTS

There was no significant change in the body weight and blood glucose
levels of sham and pancreatectomized rats.

[*H]-QNB Binding Parameters

Scatchard analysis for muscarinic M1 receptors in the pancreas showed
asignificant increase in the 8, at 72 hours (< 0.05) and 7 days (p<0.01)
after partial pancreatectomy. The K, showed a significant increase
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TABLE 1 Scatchard analysis of [*HT-QNB binding against pirenzepine in the pancreatic islets of sham
and pancreatectomized rats

Animal status B, Umoles/mg protein) K, (nh)
Sham 67.3+ 4.1 1.63 +0.02
72 hours pancreatectomy 126.0 £ 6.0* 6.47 £ 04705 !

7 days pancreatectomy 140.0 £ 20.3** 143004

Values are mean £ SEM of four o six individual experiments.

#REp < 0001, ¥ < 0.01, *p < 0.05 when compared with sham.

'p< 0.001 when compared with 7 days pancreatectomy,

B, maximal binding; K, dissociation constant.

1*H} QNB of different concentrations, 0.1-6 nM were incubated with and without excess of piren-
zepine (100 pM) using a protein concentration of 150-200 jtg for the kinetic studies of muscarinic M1
receptor. Specific binding was determined by subtracting nonspecific binding from total binding.
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FIGURE 1 Scatchand plot of 1"} ONB binding against pirenzepine in the pancreatic islets of sham
and pancreatectomized vats. Kyand B, values are givenin |l able I.

(p< 0.001) at 72 howrs and decreased to near control value alter 7 days
(Fable |; Fig. 1),

[®H]-4-DAMP Binding Parameters

The analysis of muscarinic M3 receptors showed that, for the high-aflinity
receptors after 72 hours, the K, decreased significanty (p < 0.01), with
insignificant increase in B, values. The results after 7 days showed that the
B, increased (p< 0.001) and K, decreased significantly (p < 0.05) (Table 2,
Fig. 2). The B,,,. of the low-aflinity receptors increased (p < 0.001) with a
decrease in K, (p < 0.001) after 72 hours (Table 8, Fig. 8). Seven days alter
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TABLE 2 Scatchard analysis of high-affinity [*H }J--DAMP receptor binding against --DAMP mustard in
the pancreatic islets of sham and pancreatectomized ras

Animal status B, (moles/myg protein) _ K, (nM)
Sham R7.7x38 099 +0.11
72 hours pancreatectomy 108.0 £ 6.1 0.36 + ()_(L’i :
7 days pancreatectomy IBI7 4 5 Bres 072 £ 0.04*

Values are mean £ SEM of four 1o six individual experiments.

EXH < 0001, ¥ ) < 0.01, ¥4 < 0.05 when compared with sham,

! P < 0.001 when compared with 7 day panereatectony.

Igmll\'

PH] A-DAMP of different concentrations, 0.01=10 nM were ineubated with and without excess ol
DAMP mustard (100 gM) using a protein concentration of 150-200 pg for the kinetie studies of musca-
rinie M3 receptor. Specific binding wis determined by subtiacting nonspecific hinding from ol binding,.

maximal binding: K. dissociation constant.
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FIGURE 2 Scatchaud plot of high-aflinity [*H-4-DAMP receptor binding against 4-DAMP mustnd in
the pancreatic islets of sham and pancreatectomized rats. Kyand B, vilues ave given in Table 2.

partial pancreatectomy, it was found that there were signilicant increase
and decrease in B, (p< 0.001) and K, (< 0.001) values, respectively. Pan-
creatic M3 receptors increased during pancreatic regeneration in rvats, The
alfinity of the receptors also showed an increase at the time of regeneration,

Effect of Muscarinic'Receptor Antagonists on Insulin Secretion
Studies In Vitro

The isolated islets incubated with 107 (o 107" M concentrations of carba-
chol and two different concentrations ol glucose, 4 mM and 20 mM. Auopine,
the general muscarinic receptor antagonist, inhibited carbacholinduced




< i +,
& 4
*
: i
Muscarinic Receptors and Pancreatic Regeneration 265 I
M
i TABLE 3 Scatchard analysis ol fow-adtinity [*H]-1-DAMP receptor binding against 4-DAMP mustard in i
; the pancreatic islets of sham and panacatectomized vats | v
12 f Animal status B, moles/mg protein) K, (nM) i
: Sham 207 123 6.81 £ 0.28 ’. .
‘ 72 hours pancreatectomy GAL £ At 1.65 + 0. 37%*+ ! 4
5 7 days pancreatectomy (1 208 1 B g 1.33 & 0,00k 2 3
i Values wre mean £ SEM of fonr to six individual experiments, l
N < 0.001 when compared with sham. i
B, maximal binding: K, dissociation constant. i 4

Seq

[*H] 4-DAMP of different concentrations, 0.01-10 nM were incubated with and without excess of
DAMP mustard (100 pM) using a protein concentration of 150-200 pg for the kinetie siudies of musca- i
rinic M3 receptor. Specific binding was determined by subtracting nonspecific binding from total binding. i

i
SO0 = @ Sham ;
= ] B 72 hours pancreatectomy i
= o i ve gy o i
B w0 A 7 days pancreatectomy :
<] 5 i i
a ] i
20 4 Wl
g 300 —
3 ]
= ]
E 200 —
o ]
: & .
]
i = —
H o e
3 @ 3.4
{ ”‘“'T“l"!‘rllnll]l!Il'vrrv'xll|||r11|111|‘llrr
4
| 0100 2000 300 400 500 600 700 800
\
i Bound (fimoles/mg protein)
FIGURE 3 Scatchard analysis of low-altinity [*H] -1 DAMP 1o eptor binding against A-DAMP mustard in
f the pancreatic islets of sham and panaeatectomized s, Kyand B values are given in Table 3.
i ; X 7 . ! T
insulin sceretion at both -1 and 20 mM glucose concentrations significantly
i (p<0.001) (Fig. 4a, h).
DISCUSSION
Pancreatic regeneration aflter pancreatectomy has been well docu-
mented inanimal models (19). Removal of 60% 1o 70% of the pancreas
does not affect the body weight and blood glucose level of pancreatecto-
: % 7 % . 1. . . .
! mized rats. [ ]-thymidine incorporation studies showed that the peak
{ DNA synthesis in pancreatic islets is at 72 hours alter pancreatectomy (i.e.,
it
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FIGURE 4 FEffect of general muscarinic receptor antagonist atropine on carbacholinduced insulin
secretion from rat pancreatic islets, **¥ p - 0,001 when compared with the respective control. Islets were
incubated in KRB bulfer with ditterent concentrtions of canbachol, 1720 mM glucose, and with and
without atropine.
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during active pancreatic regeneration) (7,26). More recent studies from
our laboratory have shown that plasma insulin level was increased signili-
cantly at 72 hours and 7 days after pancreatectomy when compared with the
sham (27). Increased islet DNA synthesis and glhicose-derived lipid and
amino acid production in association with -cell hyperproliferation have
been reported in normoglycemic 60% pancreatectomized rats (28).

Cholinergic stimukuion of pancreatic B cells inercases insulin secretion.
This effect is mediated through muscarinic receptors. The stimulatory role
ol acetylcholine in insulin secretion is well established. n vitro and in vivo
studies revealed the importance of muscarinic receptors in insulin secretion
(23). Acetylcholine-stimulated insulin secretion is inhibited by atropine, a
general muscarinic antagonist, confirming the role of muscarinic receptors
in cholinergic involvement in insulin secretion. This study also revealed the
presence of muscarinic M1 and M3 receptors in the rat pancreas. This is in
concordance with the previous reports (12). Most of the studies with acetyl-
choline suggested M3 receptors as the sole receptor subtype involved in
insulin secretion (29). More recent studics by licol et al. reported that M1
and M3 antagonists blocked choline-induced insulin secretion from rat
pancreas (30). Studies in insulinoma cells with muscarinic subtype specilic
antagonists also reported the insulinotropic elfect of M1 and M3 receptors
(31). Our results show that these receptors increased at 72 hours alter par-
tial pancreatectomy when DNA synthesis in the pancreas is maximum. We
reported carlier that the circulating insulin levels inereased after 72 hours
(7). Muscarinic M1 receptor number increased with a decrease in alTinity
during this time. Seven days after partial pancreatectomy, the allinity
increased to near control value and receptor number remained increased.
The increase in the number, as indicated by B, is suggested an increase
in insulin seeretion during pancreatic regeneration. The allinity and
number of both high- and low-alfinity M3 receptors inercased at this time,
Thus, the increased M1 and M3 receptor functioning stimulates insulin
seeretion and helps maintain the glucose homeostasis during the pancreatic
regeneration,

Neurotransmitters have been shown 1o stimulate or inhibit cell prolifer-
ation of nonneuronal cells by activating receptors coupled to different sec-
ond messenger pathways (32). Swdies from our laboratory reported the
regulatory role of serotonin and GABA in liver regencration (33,34). A pre-
vious study also showed that the acctylcholine analog carbachol stimulates
DNA synthesis via muscarinic receptors in primary astrocytes derived from
perinatal rat brain (35). Carbachol is mitogenic in certain brain-derived
astrocytoma and ncuroblastoma, as well as in Chinese  hamster ovary
(CHO) cells expressing recombinant muscarinic receptors (36). Muscarinic
acetylcholine receptors activate many downstream signaling pathways, some
ol which can lead 1o MAPK phosphorylation and activation.. MAPKs play a
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role in regulating cell growth, differentiation, and synaptic plasticity. Both
M1 and M3 muscarinic receptors have been shown to activate MAPK in var-
ious systems (37-41). Thus, our study using subtype=specific ligands
revealed that M1 and M3 receptor kinetic parameters are altered in the
pancreas during regencration. This study also suggests that the increased
receptor activity with alterations in B,,,, and K, ol the muscarinic M1 and
M3 receptors at the tme of pancreatic regeneration facilitates insulin secre-
tion and proliferation of the beta cells to regain the original status. This can
have great clinical significance in the management of diabetes mellitus.

ACKNOWLEDGMENTS

Dr. C. S, Pandose thanks DB DSl TOMR, Government of Indin, for financial assistanee. 1. R,
Renuka thanks Cochin Universine tor [RE,

REFERENCES

(1] Leaby JE, Bonner-Weir S, Weis GCo Mininmal chronic hyperglveemia s a eritical determinent
of impaired insulin secretion atter an incomplete pancreatectomy. | Clin Invest 1988; 81(5):1107-
1414,

(2] Lohr M. Lubbersmeyer, |, Oemba B, Klapdor R, Grossner D, Kloppel G, Increase in B-cells in the
pancreatic semnant alter pantial pancreatectomy in pigs. An immunoestochemical and funetional
study. Virchows Arch B Cell Pathol Inel Mol Pathol 1980; 56(:1):277-286.

[3] Ahren B. Autonomic regulation of islet hormone secretion—implications for health and disease.
Diabetologia 2000; 43(:4):303-110.

1] Ahren B, Taborsky G Jr, Porte D 'r. Newropeptidergic versus cholinergie and advenergic vepula-

*tion ofislet hormone secretion. Diabetologin T986; 20(12):897-836.

[5] Bereiter DA, Robner-Jeanvenand F, Berthoud HR, Jeanrenaud B, CNS maodulation ol pancreatic
endocrine function. Multiple modes of expression. Diabetologia 1981 (Supph):A17-125,

[6] Martin M. Lacy PF. The prediabetic period in partially pancreatectomized rats. Diabetes 1963;

12:238-2.12.

Renuka TR, Ani Das V, Paulose CS, Alterations in the muscarinic M1 and M3 receplor gene

expression in the brain stem during pancreatic regeneration and insulin secretion in weanling

rats, Life Sci 2004: 75(19):2269-2980).
[8] Abraham A, Panlose CS. Age-related alterations in noradrenergic functon in the brain stem ol
streptozotocin-dinbetic rats. | Biochen Mol Biol Biophys 1999: 3:171-175.
9] Padayatii PS, Paulose CS. Alpha2 adienergic and high affinity serotonergic receptor changes in
the brain stem of streptozotocin-induced diabetic rats. Life Sci 1999: 65 (4):103—114.

[10] Lundquist L Cholineigic muscarinic offects on insulin release in mice, Pharime ology 1982;

25(6):338-347. :

[T Grill V, Ostenson CG. Muscarinic receptors in pancreatic islets of the v, Demonstetion and

dependence on long-term glucose envivonment. Biochim Biophys Acta 1983; 766(2):159-162,

[12] Lismaa TP, Kerr EA, Wilson JR. Carpenter L, Sims N, Biden 1], Quantitative and [unctional cha-

acterization of muscarinic receptor subtypes in insulinscereting cell lines and rat pancreatic islets.
Diabetes 2000; 49(3):392-308,

[13] Wotta DR, Wattenberg EV, Langason RB, cl-Fakahany EE. M1, M3 and M5 muscarinic receptors

stimulate mitogen-activated protein kinase, Pharmacology 1998; 56(4):175-186.

[14] Slack BE. The M3 muscarinic aceryleholine receptor is coupled (o mitogen-activated  protein

[7

kinase via protein Kinase C o epidermal growth facton receptor Kinase. Biochem | 2000;
348(2):381-387.




b
&
i
¥

(15]
[16]

[17)

[18]

[19]

[20]

n

122
[23]
124]
125]

126

[27

[28]

29}

[30]

131

[32]
133]
[34]
135

136]

137)

[38]

e ! ¥ Wi
Muscavinic Receptovs and Pancreatic Regeneration 269

Chick WL, Lauris V, Flewelling JIL Andrews KA, Woodrufl M. Effects of glucose on beta cells in
pancreatic monolaver caltures. Endocrinology 1973; 92(1):212-218, :
Hellerstrom C, Swenne L Growth pattern of pancreatic islets in animals. In: BW, Volk, ER,
Arquilla, eds. The Diabetic Panereas. Plenum Press: New York, 1985:53-79. i
Sjoholn A, Zhang Q, Welsh N, Hansson A, Larsson O, Tally M, Berggren PO. Rapid Ca® influx
and diacylglycerol synthesis in growth hormone-mediated ish’-l beta celi mitogenesis. | Biol Chem
2000; 275:21033-21040.

Swenne I Hill DJL Strain AJ, Milner RD. Growth hormone regulation of somatomedin C/insulin-
like growth factor 1 production and DNA replication in fetal at islets in tissue culture. Diabetes
1987; 36(3):288-240.1,

Pearson KW, Scott D, Torvance B. Effects of partial surgical pancreatectomy in rats. Gastroenterol-
oy 1977; 72(2) 1691713,

Zangen DHL Bonner-Weir 8§, Lee CH, Latimer JB. Miller CP, Habener JF, Weir GC. Reduced insu-
lin, GEUT2, and TDX-1in beta-cells after partial pancreatectomy. Diabetes 1997; 46(2) :258-264.
Howell SL, Tavlor KW. Potassium ions and the seevetion of insulin by islets of Langerhans incu-
bated invitto. Biochem | T968; 108(1):17-21.

I’ilwh-vm DCLin"t Veld PA, Van de Winkel M, Maes E, Schuit FO, Gepts W A new in vitro model
for the study of pancreatic A and B cells, Endocrinology 1985: 117(43):806-816.

Ahren B, Sauerberg P Fhomsen C Increased insulin secretion and normalization ol glucose toler-
ance by cholinergic agonism in hiph G fed mice. Amc | Physiol 1999, 97701 Pr1):EOS-E 102,
Lowry O Rosebrough NI Fane AL, Randall R). Protein meastnement with the Folin phenol
reagent. | Biol Chem 1951 19301 ):265-275,

Seatchind G The atactions of proteins for small molecules and jons. Ann NY Acad Sci 1949
H51:660-672,

Brockenbrongh JS, Weir GCL Bonner-Weir S, Discondince of exocrine and endocrine growth after
0% pancieatectomy in vats, Diabetes TOSK: 37 (2):239-9136,

Mohanan YV, Kaimal SB, Panlose CS. decreased 5 11TTA receptor pene expression and 51T,
receptor protein in the cerelnal contex and brain stem during pancreatic regeneration in rats.
Newrochem Res 20005; 30:25-32,

Lin YQ. Montyana E, Leahy [ Increased istet DN svinthesis and glucose-derived lipid and amino
acid production in association with beta-cell hyperprolifesition is reported in normoglycemic 609%
pancreatectomy rats, Diabetologia 20015 44: 10261033,

Gilon P, Henqguin J-C. M chanisis and physiological significance of the cholinergic control of
pancreatic § cell function. Endocr Rev 2001; 92(5):565-601.

licol YO. Guran MS, Taga Y. Ulus HL Choline increnses seram ipsulin in rat when injected intrap-
eritoneally and angments basal and stimulated acens loholine release from the tat minced pancreas
invitro. Ear | Biochem 2003 270(5):091-0909,

Miguel JC, AbdelWahab YA, Mathias PCF, Flan PR, Muscarinic subtypes mediate stimuliatory
and paradoxical inhibitory eftects on an insulin-se reting b eell line. Biochim Biophys Acta 2009;
1568:45-50).

Lauder [M. Neurotransmitters s growth regulatory signals: role of receptors and second messen-
gers. Trends Newrosei 1993 16(6):233-2.10.

Biju MP, Pyroja S, Rajesh Ko NV, Paulose CS. Hepatic GABA A receptor functional reg
during liver cell proliferation. Hepatol Res 2001: 21(2):136=116.

Sudha B, Paulose CS. Induction of DNA

ulation

synthesis in prinuey cultures of rat hepatocytes by seroto-
nin: possible involvement of serotonin Sy receptor. Hepatology 1998: 97(1):62-66.

Ashkenazi A, Ramachandian |, Capon D] Acendcholine salogue stimulates DNA svnthesis in
hrain-derived cells via specilic muscarinic receptor subtypes. Natire T989: 3410(6229):146-150.
Ashkenazi A, Perala FG, Winslow JW, Ramachandian [ Capon DJ. Functional diversity of muscar-
inic receptor subtypes in eellular signal ransduction and growth. Trends Pharmicol Sci 1989;
Suppl:16-22.

Berkeley JL, Levey AL Musearinic activation of mitogen-activiated protein kinase in PCG12 cells, |
Neurochem 2000: 75(2):487-193,

Guizzeni M, Costa LG, Effect of ethanol on protein kinase C zet and p7086 kinase activation by

carbachol: a possible mechanism for ethanolinduced inhibition of glial cell proliferation. | Neu-
rochem 2002; 82(1):88--16,




270 1. R. Renuka et al.

[39] Guirzeui M, Costa 1.6, Peters |, Costa .G, Ac etylcholine asamitogen: muscarinic receptoranediated

proliferation of tatastiocvtes and human astocvtoni cells, E J Plinmmacol 1996; 297 (3):265-273. !
140} Ragheh F, Molina-Holgado F, Cui QL. Khorchid A, Lin FIN, Larocea N, Almazan G, Pharmaco-

logical and functional characterization ol muscarinic receptor subtvpes in developing oligoden-

dracytes. | Neurochem 2001 77(5):1396-1406,
[41] Ukegawa J1, Takeuchi y, Kusavanagi S, Mitunura K. Growth-promoting elfect of muscarinic acetvl-

choline receptors in colon cancer cells, | Cancer Res Clin Oncol 200%: 129(5):272-278.




	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12

