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ut 7%u' ierla,rlaner o/ inUS(-a,iair rrr•rl,lms in /noli/r•raliun a/ di/lr•11•n1 (.1,11 life's and in i,s su n

serrelinn frmn l,anenwlie brl r re,//s has hrrn rxlrncis1.1'T sludird, 1/owe, ,r)., Ihr sale o /.ianrrralie

musrarinir rrrr/)tars rlnnnglnn esealir roge-w-rrrlinn has not yet hrrn s/nuirrl. I•in Ihr/ircl lime, Ihr

[anrlional.slrrlns ill flee- nn nsisinir At 1 and ;113 rrrr/ibis in rrgrrrr•ralinn of Nrr pancreas is irmrsli-

lralr•rl brie. It is nhcrn'rd Ihitt Ihr numbs, and a//inily ill hi.Lh-a%/inily nmcrarinie ,113 rrrrl,lorc

iurwmeti a1 lhr Iirnr ill rr,^rn,,rNinu, The, firs' allirrih• ,113 rrrr•l,l,,a also shore,! a .simihrr brunt. !n

1/11, rase of Ilm-amill it 1111 rrrrl,lurs. Ihr• tor/,lm us nnhrr innrasral with a drr'rrae' in a/linit'r. We

also ab.srrrrr! an i,rrrrrnr in /III, rirrnhrlin/r insulin !n•rts al the, little, o/ arlisr rrgn•nrralinn. 77w in

situ,, stratus runlisrnrd Ihal inns, au us,, rrrrl,hns rile slirnalaM,y In iusrl!in srrrrlinn. (An'resifts

vry l r sl I/al Me- in, urasr,! muse arialr ;At/ awl .11 7 rev r/d,n suhlyl,rs slime/rite ins a/in srrrrlirnr and

idyl er/f /naiifr•u'olisr• dining the, rrgenrralina u/ petite of.m.
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INTRODUCTION

Iancreatic rcgc'ncraIioll after lmlli,ll pallUlt'atcctomy is a very useIII

mode ! to study the llleClml lisnt involved in the cell proliferation au(I
growth of the p:ulcrras. Sixty percent partial pal lcreatectonly does not

result in glucose ini('1ural lce or permanent (liat)eles. This u)ainienance of

glucose hon) eoslasis is clue to regeneration among the remaining pancre-
atic (3 cells (I.2).

The central 11(1 'olls systcnl 111i'm(gh parasympathetic and syn)pa-

tl)elic pathway's regulate s insulin secrclion Front pancreatic' islets. The

pancreatic islets arc' il)nclVated by the postgallglionic cholinergic nerves
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emanating fn ► n ► the nerve cc • II bodies in the pancreatic ganglia (3,'I).

Stimulation of the peripheral vagus Ilervc leads t() an increase in circu-

lating insulin levels . Anatomic:tl studies st ► gg(•st that the origin of these

vagal . efferent fibers is nuclet ► s au ► iiguons and dorsal 111(1101 nucleus

directly innervating the pancreas ( 5). "Flute is evidence to suggest that

prolonged stimulation of insulin sccretlou in Phu ) leads to a compensa-

tory increase of• the total voltunc of the pancreatic islets ill partially pau-

c)ratectomized rats (6). Ot ► r previous studies revealed that there is an

increase in n ► uscarinic h13 receptors in the• brailist en ► of• partially pancre-

atcctomizc ( 1 rats during regeneration ( 7). Studies from our laboratory

1•6u11d that (lie aclrenergic receptor's ftrttctiou increased, whereas the

high-affinity serotonergic receptor's affi ►► ity decreased ill tile braill"Icill

of streptozotocin-cliabclit rats (M,S)). Previous studies dernmisn•atcd that

the cholincrgica lly induced i ►► suli ►► otropic• actio ► t is n ► ecli:ecl by the

niuscarinic receptors (1O).
Radioreceptor binding studies revealed the presence of rt)uscariuic

recepto rs in ill(' pancreatic islets ( I I ). Studies by I.ismaa c•t al. (12) dc• ► no ►► -

strated that both M I and M3 n)ttscarinic receptors arc abuudaut in the rat

pancreatic islets, as well as in RIN cell lines. Studies have shown that inusca-

rinic: M 1 and N,13 receptors crn ► pl( '(l to the ntitogcn -activated protein kinasc
(MAPK ) ( 13). Studies on hunr,u ► enibryonic kidney cell Iransfectecl witl ► `M3

receptors indicated that M3 receptor is conple(l to MAPK via both protein

kinasc-d(pende ► tt and (, endothelial growth factor receptor clcpc nclent
niechanisnts (I fl.

Endocrine pancreas regeneration is cousiclerecl to be an exciting

approach for developing a therapy to diabetes mellitus . The elucidation of

different, factors involved in pancreatic regeneration is necessary to estab-
lish it. as it therapy. Studies rcvealccl that r)r ► trients , incltt(ling glucose,
growth hormone, and insulin, are stin)t ► latotvv 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 ntuscar-
inic M1 and M3 receptor kinetics were studied (luring pancreatic regenera-

tion in rats after partial pancreatectolny.

MATERIALS AND METHODS

Chemicals

All reagents were of analytical grade . Ouinuclidinyl benzilate
((.)NII), L (Benzilic-'l,'1'-'III (Sp. Activity 12 (;i/ ► un ► ol), and 'I-cliphenv-
lacctoxy N ntc thylpiperiditi ('I-I)ANIP). I N-n ► ctltvl-°I I ] (Sp. Activity 83
Ci/ ► nutol), were purchased front NI'.N Life Sciences Products, Inc. (Boston,
MA, USA).
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Animals

Male Wist:ur weanling rats of HIl to 11)11 g hod,' weight were purchased
front Central Institute of Fisheries'l'echnology (Cochin, Kerala, India) and

used 1,01all experinx nls. 'I'hcy were housed in sepal uc cages tinder I2-hour

light and 12-hour dark periods, and were ntaintainccl oil standard food

pellets and water ad libilcnn.

Partial Pancreatectomy

Rats were anesthetized under aseptic conclitions, the body wall was cut

opened, anti 60% to 70 % , of the total pancreas, near to the spleen and

duodcntttn, was removed (141). The removal of tuost of the pattcrc•as was

done by gentle abrasion with cotton applications, leaving the major blood

vessels supplying oilier organs intact (20). The sham was done in an ide•rt-
tical procedure, except that the p:utcreatic tissue was only lightly rubbed

between !ingertips using -otion fur a minute instead of being removed.

Body weight and blc ►ocl glucose levels were checked ro ► tlinely. 'I'll(, rats

were ntainlainc(t for different time intervals-72 hours and 7 clays. "1'hcy
wc•rc sacrificed by decapitation, and the pancreas was dissected out

dttickly over ice.
Blood glucose was estin ► atcd 1 ►v a (;111(054' l•stintation Kit (Merck), using

the glucose oxiclase-perc ► xidase nteihod.

Islet Isolation

l';utcreatic islets were isolated From the rats by slautdar(I collagcuase

digestion pros eehn es nsittg aseptic lecltniclues (Q' I ). The islets were iso-

lated iii IIFP FS-lnll'ere• l socliunt-lice Ilanks balanced salt solution

(IIRSS) (22).

Insulin Secretion Studies in Pancreatic Islets

Islets were hiaive-,1ec1 after ren ► oving the fibroblasts and iesuspct-

ded ill Krebs Ringet; bicarbonate buffer, pI 1 7.3 (KRR). 'I'll(- isolated islets
were incubated at 37 °(: with Ill rt lu 111 i IM concentrations of carbachol

(cholinergic agottist) and two (hit(etcnl concentrations of ghtcose (i.e.,

4 ntM glucose and 20 iitM glucose). To sanely the effect ol, ntnscarinic

receptor, islets were incubated with combinations of atropine (10-'1 M),

the general ntttscarinic rcc(•plor anlagonisi, and cal bachol. After incuba-

tion, cells were centrifuged at 1500 x g for 10 ntintttes at 4 °(:, and.

tile, supernatants were trattslet°ted to fresh tithes for insulin assay by

raclioiill ntunoassay.
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Muscarinic Receptor Binding Studies

['1I1]-QNR and ['°1IJ l 1)APIP bincling assays in the islets were done

according to the modified proccclure of Ahren et al. (23). Islets were

honIogenizecl for 30 seconds in a polytron homogenizer with 10 nil

mcdiun ► of 1A1 7.4 consisting ()1 '50 mM NallIPO.t/Nal-I,,PO,t and 2 mM

MgCI.21 with the addition of I;SA (I n ► g/ntl), bacitracin (0.2 n ► g/rill), and

aprotinir ► (500 kallikrcin inhibitor units/nil). The homogenate was then

centrifuged at 30,000 x g for 3O ntin ► ttes, and the pellets Wcrc resus-

pended in appropriate volun ► c of the sanie I> ► iffer. IllI I-c)NR binding

assays were clone using cliffeleIlt concentrations (i.e., 0.I-S W of $'`t I I-

QNR wills I!i0-200 pg protein). Nonspecific hincling was deternrinecl

using 100 ptl pirenr.e•pine. Mctsearinie N13 rcce•ptur hincling assays were
done using different concentrations (i.c., 0.01--10 nM of ['41]-9-1)AMI'

with 150-201) Itg protein), awl nonspecific hincling was determined using
100 µM I-UAM1' mustard. 'I'hc tt ► hes were incubate(( at 22 °C fi>t 2 hours
and filtered rapidly through (:F/C filters (Whatman). The filters were
washed quickly by Il>re•e• successive washings with 5.0 till of ice•-cold

phosphate assay bitfl'c•r (1)11 7.1). Bound radioactivity was counted With

cocktail-'T in it Wallac 1'109 liquid scintillation counter. The nonspecific
bir► diug was found to be 30!', to .10`7o in all ()Ill- experiments. Protein was
n ►easured by tl ► e method of Lowry et al., (24) using bovine scrum albumin
as standard.

The data were analyzed according to Scatchard (25). The specific bind-
ing was detcrn ► iuecl by subn-acting nonspecific binding From the total. The
binding pa aincters, n ► axin ► al binding (1J ) and equilibriun ► dissociation
constant (K,,), were derived by linear regression analysis by plotting the spe-

cific binding of the radioligand on X-axis and hound/free on Y-axis. The
maximal binding is a measure of tl ► e total ntnnbe•r of receptors present in
the tissue, whereas the equilibrinn ► dissociation constant is a measure of the
affinity of Il ► e receptors rim- the raclioligand. The Kr is inversely related to
receptor affinity.

RESULTS

`There was no significant change in the body weight and blood glucose
levels of'shanr and pancre atectoinized rats.

[3H]-QNB Binding Parameters

Scatchard analysis For n ► nscarinic M l receptors in the pancreas showed

a significant increase in tl>e at 72 hours (/, < 0.05) and 7 days (p < 0.01)

after partial panereatectonrv. The JQ showed a significant increase
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TABLE I Sc:ttch :tr,t anah•cis of I'III -QNIt ))iit Iin)! against Ilin•tvrl)inc iu tIo• panclcatif islets of chant

:uuI pal)erc:nerq )Ininvl cats

Animal status RIbrtolc •s'tu g protein) K,, (IINI)

Sham 117 . 3 + 4. I 1.53 ± 0.02

17*-**-
72 bows Irutcn ,ucclnnn'
7 clays patlulcatcclrntty

1211.(1

110 .0

± (1.11*

±'20.3**

(1 .4 7

1.33

± 0.,
± 0.09

\'alucs arc utc:ut ±SI•:Ivt of Ium I,) six individual cxpcri,uurIlts.

***I,< 0.1)01. **I,< 0.1)1, *I,< 0.115 when crnnparctl tt'ilh chant.

'I,< 11.01)1 when Iontpatcd Leith 7 tI;t c pam to;ucctunn.

13m,,r maximal hinding; h,,, tlis'uci:uion constant.
IN II Q NB of dill'crrnt coact-imations, 11.1-5 itNi sync incubated with :lid tvithol)t excess of piren-

zepine (11)1) Itl\I) using a prott•in concentratiutt of 150-200 jig far the kinetic suulies of nuscarinic NI I

receptor. Specific btntltltg 1\':15 I tertttttled by stlhtra( ling nonspecific binding from total binding.

• Shatu
0 72 hours pancrcatcclotlly

7 days p;utcrealeclutnV

Tr7-r-r-rrrr... I I u-t-I -"-TT

0 20 40 64) 80 1011 120 140 160 1811 201)

Bound (f llolcs!nig protcin)'

FIGURE 1 Si III lt.tuul I)!- If of ('III )N1% binding ag;)inst Ili Icnn•pine in the pall( ICatic islets of shall)

and p;uu rcate ctontiied I;lls. /s,f and values ;ue gisen in [;fill(. I.

(p < 0.001) at 72 hours and decrease(( to near control value after 7 days

(Table I , Fig. 1).

[3H]-4-DAMP Binding Parameters

The analysis of nluscarinic M3 receptors Showed that, lit'r the high-affinity

receptors after 72 hours, the K,l (lccreased significantly (p < 0.01), with
insignificant increase in B,,,,,. values. "I'he results after 7 days showed that the
B,,,,,., increased (p < 0.001) and Kl decreased significantly (p < 0.05) (Table 2,
Fig. 2). The B,,,,,Y of, the low-affil lily receptors increased (p < 0.001) with it
decrease in Kl (P < 0.001) after 72 hl)lu-s ('('able 3, Fig. 3). Seven clays. after
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TABLE 2 Scatchard anahsis of high-allini,y I'I11-1-l)A\II' rcceptnr binding against I -1):1\11' nntsuurl ill
the pancreatic islets Ill slain m i d panrtcatccntmizctl rats

Animal status R (Ihmlcs/ntg lnntein) A,, (n\I)

Shaul 97.7 ± 3.8 0.99 ± 0.11
72 hours pano"tevlonn 108.0 ± li. I 0.311 ± 0 .O2' R-1

7 clays pancreatc •ctrnnv 180.7 ± rt.r,+** 11.72 ± 0.0 4*

Values all. mean ± SP.\ I of 11,111 to six individual experinu•nts.

***p < 11.11111. **/, < (1.1)1, *f, < 0.05 when c nntpared with sham.

I /' < 11.111)1 then I (Impaled with 7 day pantIvalcutrnnv.

/1,,,,,,, ntaxinctl binding: K,,• dissncia tinn cnnv:ntt.
I 'l l l) •1-nA\ll' ctf dilfcrent (,()n(rnu:uinns, 11,111-III n\) tecte incnlr:urd with and n'ithunt excess of

l)AMI' nntstard ( 1110 ti l) using a ptntcin coil enu:uiun of 1'c0-200 jig fir the kinetic studies of ntttsca-
rinic \13 receplnr . Spccilic bindin g was dcte •t mined Ito snhrtacting nnnsprcilic hinging 111)111 tidal hinging.

Sham

• 11 Routs pancre; tertonry

A 7 day. Irmcrcatectomp

0 50

'J
Bound (lilioles/ing protein)

FIGURE 2 Scai,h:utl plot of Ili} hallinity 11111-i-U:\1111' rcceptnr Wilding against nntstard in
the p:utcreatic islets nl sham amI panctcatccttnuin•d rats. K,,and li ):dues :nc icrn in Tahle• 2.

partial pal)crcatcc•toh)Iy, it was I('mild that the rc 11crc significant increase
and (lccrease in /I...... (p < 0.001) and A,I Q1 < 0.001 ) 1•alt)es, 1-(•Spc(•ti1•c1\,. Pan-
creatic 1\'13 rcccp(ols iln leased clurit)g pancreatic Icgcncralior) ill rats. 'I•Ilc•

affinity of the receptors also) showed an increase at ill(. til)le of• regeneration.

Effect of Muscarinic Receptor Antagonists on Insulin Secretion
Studies In Vitro

The isolated islets incubated with 10-8 to 10-1 Ni concentrations of•carl)a-

chol and two different concentrations of glucose, 'I n)M and 20 HiM. Atrophic,

the general muscarinic receptor antagonist, illhihit(•(1 calbachol-Illdtice(I



l\Ii '•mir)ir' Ilrrr/)lots ii ii Almlr(tlie l?r,t;rur'rnliw) 265

'1•ABI.i t Sc ; I1 41 1 ; 1 1(;utalcsis o1 l( re -;IIIiI I i I I I I I- I-I) \\II' Ic( rlctI)I hin( I ing against 1.1);\\t1' urttsiar 1 in

Ihc• I,..uu rcali( islcls of shall) and II;ult tr,uc( Ionriicd 1 m,

Animal staurs (linolrs'nrg Iuou•in) K,, (n \7 )

Shan) 2117 1 2:1 Ii.N I ± 0.2)4
72 hou1' I)anco•atrctotnc 1 i:,1)) '(r I .65 t 1137**i'

7 dacs lcancrcatc(nnnr ill's t I'S`"" I.3:S± 1).1)"

\•alurs air tnr;nl ± SI.\I of Itun tr, six imlitillti.il rslu•c imrllrs.

***!r < 0.001 N•IIvII (Ill IIcllrrcl tciIII share.

D,I„I, maximal hinding: K,. dissot iatioo consuuu.
1' ' I 114-U,\\I1' of dilli•rcut cnncrnu;uions, 11.111-111 n\t Ircrc inruh:ucd )eith a n d %%ilhoill excess of,

DA MI,I' mustard ( 111(1 )I\I) using a mottle I onrcollation of F-,0-200 jig lie ill(- kinc•tir sludics of nnrsc .-
rind- \I3 ))micro). SIx•cifir hin•ling,cas drtconincd hr suhtr,rrlung nonslu•c ilir hindittg Iion1 total hinding.

• Shun

72 hours pancreatectomy

A 7 days pancrcalcctumy.

i t 100 200 300 400 S00 6(0 700 80(4

Round I linolcsfing p rolcin)

FIGURE. 3 Scatchard ;urahsis of Iots-;Ilfill ih' I II I I I DAMP rrrc•II)ol binding against I-I):\\1P nutstard in

the palterratie' islets of share mid Ir,Inc ccatc( toncirrd tats. A,, and calory air giccn in I able 3.

insulin sc•cr(tiOIl at I)()111 I and 20 m M gIiirose cOnccrltrations significantly
(/c<U.I)UI) (Fig. Ia, 11).

DISCUSSION

I';ulcrca(ic• regellerati011 after I)anc-rcatc•(tOmit, has here well (lOC•tl-

nIcIlic(I in anin)al I11OC1(•ls (IS)). Rcillmal Of (il)r'n IO 70% (II' Illc pancreas

does 1101 affect tltc• body weight and 1)I000I gluons( level of pancrcatcctO-
Inizc(( rats. "(II j-II)\u ► i(Iine incorporation St11cli(s SIIOWc(I that the peak

1)NA synthesis in pancreatic islets is at 72 hours alter paiicrealectunly (i.e.,
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FIGURE 4 F.Ili•ct of gvnrral tnuscarinic nvrptur antag ulli-t aul )pinr fill cuhachul -inquiet,( insulin
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in( uhatrcl in KIM 1)1111(1 with clillccrnt cfinc rnuatifius of c al hac hul, L'20 n1N1 I;Incusr, : u,c1 wi1I1 :uul

without auupinc.
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during active pancreatir regenciatiuu) (7,26). More rectal studies from

our laboratory have shown that plasma insulin level was increased signifi-

cantly at 72 hours and 7 (lays after paucreatect(>nty when coutparcd with the

sham (27). Increased islet I)NA synthesis and glucose-derived lipid and

amino acid production in assoc ialic+u tvillt (3 cell hypcrprolileratiot ► have
been reported in norn oglyceinic ti0r.c pancrcatectonlized rats (28).

(;holinergic sti ► nulati(nt of,p:ntcrealic ji cells increases insulin secretion.
This effect is rtte(Tialc(I Ihruugh ntuscarinic receptors. The stimulatory role

of acetylcholine in insulin secretion is well established. In vitro and in viva
studies revealed the intpcntance of 111(ISCat'ItiiC receptors 111 insulin secretion
(23). Acetylcholine-stinlttlate•d insttlin secretion is inhibited by atropine, a
general lntlScarttlic atrlagollist, confirming the role of'tnttscarinic receptors

in cholinergic involvement in insulin secretion.') his study also revealed the

presence of mttscarinic N1 I and M3 receptors in Ili(- rat pancreas. This is in

concor(lauce with the pr(•viotts reports (12). Most of the• stu(lics with acetyl-

choline suggested N13 re•ceptots as the sole receptor subtype involved in

insulin secretion (29). More recent stuelies by licol et A. reported that NII

and N13 antagonists blocked choline-induced insulin secretion From rat

pancreas (30). Studies in intitlllttottla cells with rtlttscartnjc subtype specific

antagonists also reported (lie insnlinolropic effect oI' M I and N13 receptors

(31). Our results show That these receptors increased at 72 hours alter pat-

tial partcreaL'ctonry when 1.)NA synthesis in the pancreas is ntaxittrtun. We

reported earlier that the rircttlating insulin levels inc'reasc(I after 72 hours

(7). Mttscarinic M I receptor number inrre•asecl with a decrease in affinity
during this tints. Seven days after parlial p:u ► creatcctonty, the affinity
increased to near control vahte and receplor number reulaincd increased.

The increase in the nttntber, as in(licalcd by 11111„v is suggested an increase

in insulin secretion (fitting p:ttrcte;ltic leg(•nc•ratiou. The affinity and

ntlntbcr oI' both high- and low allitrily (\I3 I eceplors increased at this little.

Titus, the increased 111 and N13 receplur funclioning slinttllates insulin
secretion and helps nraiut;titr Ihe• glucose I ► onteoslasis during the pancreatic
regencrat ictn.

Nenronansntittet's have been shown to stimulate or inhibit cell prolifer-
ation of nonnetno ► ral cells by activating receptors coupled to (liffercul sec-

ond rnessettger pathways (32). Studies front ottr laboratory reported the

regulatory role ofserotonin and (;ARA in liver regeneration (33,34). A pre-

vious study also showed that the acetylcholine analog carbachol stimulates

DNA synthesis via nit:;carinic receptors in printaty astrocytes derived front

perittatal rat brain (35). (:arbarhol is nritogenic ill certain brain-deliyed
asl.rocytonra and neurohlasto ► na, as well as in Chinese hamster ovary
((;110) cells t•xpressing recunrbin:utt ttrnscarirtic rec-cplo ►s (36). Nlt ► scarinic
acetylcholine receptors activate many clotvnstreant signaling pathways, some

of' which can lead to MAPK phosphoryl:ttion 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-sl)ecific ligan(IS

revealed that Ml and N13 receptor kinetic parameters are altered in the

pancreas during regeneration. This study also suggests that the increased

receptor activity with alterations in 11,»».r and Kj of the muscarinic M I and

M3 receptors at the (inciof 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 Inanagcincnt of(liabetcs mellitus.
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