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Abstract- The phospholipid and cholesterol composition of the iris muscle of the rabbit was dctcr- 
mined. and the incorporation of “Pi into the individual phospholipids of irises incubated in Krebs~ 
Ringer bicarbonate ht&‘cr that contained glucose in the presence or ahscnce of adrenergic or cholincrgic 
ncurotransmit~ers and their agonists and antago!lists was investigated. The results of studies on the 
characteristics and the effects of ~lor~pincphrine and other ne~iropharmacologicai agents on the “‘P-ln- 
beling of phosphatidic acid (PhA). phosphntidylinositol (Phi), phosphatidylcholine (PhC), phosphatidyl- 
ethanolamine (PhE) and phosphatidylserine (PhS) in the iris muscle are rcportcd. Addition of L-norc- 
pinephrine. L-epinephrine. dopamine or acetylcholine (0,003 to 0.3 mM) to irises which WCI-c preincu- 
hated for 20 min in “?P-Krcbs-Ringer without cold phosphate stimulated significantly the isotope 
incorporation into PhA and Phi. but not PhC’. In contrast histamine. norcmetantphrinc. mctanephrmc. 
adrenochrome. 6-hydroxydo~minc and eserine (0~00.1 to 0.3 mM) had a nrgligihlc ctl&t on the isotope 
incorporation. At higher concentrations of norcpinephriiic (l~rn~). labchng of PhA. Phi and PhC 
was elevated to 989. 630 and I85 per cent of that of the control rcspcctively. It was concluded that 
in the iris muscic r-receptors and not /-rcccptors are involved in the stimulatoq action of norcpincph- 
rmc on 3’Pi incorporation into phospholipids. This conclusion is based on the followlng findings. 
(a) Only r-stimulators. such as norcpinephrinc and phenylcphrinc. mcrcasrd significantly the labeling 
of PhA and Phi. This effect was blocked by the z-blockers. phcnoxybcnLamine and phcntolamine. 
(h) Isoprotcrcnol. a /&stimulator, had no effect on the labelin, 0 of PhA and Phl. Sotalol and pt-opranolol. 
hoth fi-hlockcrs. did not block the norcpinephriIle stim~ilation of “Pi inc~~rl~(~r~~tion. (c) c‘yclic 4MP 
(or dihutyryl cyclic AMP). which has hcen suggested as a ~~-rcccptor mediator. cxcrtcd no influence 
on the phospholipid effect. Atropine blocked completely the acetylcholinc-stimt,iatcd “‘P-labciing of 
PhA and Phi. At 0.3 mM. phcntolamine and propranolol incrcascd by several-fold the Isotope labeling 
of PhA. Phi and. unexpectedly, of CDP-diglyceride and inhibited that of PhC. The properties of 
the norepinephrine stimulation of “*P-labeling in the iris muscle can he summarized as follows. (a) 
It 1s concentration dependent; hut this dependence varies wpith the condition of incubation. (b) It 
is temperature dependent. but the effect is loht upon freezing and thawing. (c) II can he demonstrated 
during a period of 3 days of aging at 4 (d) Glucose is required for maximal s(imLll~~tion. (e) The 
phospholipid effect is not specific to a particular subcellular fraction. (f) Addition of n~~repincphrine 
brought about a 25 per cent decrease in the level of Phi and a 63 per cent increase in the le~l 
of PhA. (g) Time-course studies on the 3’P-labeling of phospholipids in the presence and absence 
ofnorepinephrine revealed that, in contrast to Phl and PhC, the specific radioactivity of PhA increased 
with time of incubation (n-90 min) only when the neurotransmitter wa\ added. (h) Direct activation 
of the enzyme diglyceride kinase by norepinephrine does not appear to be the molecular mechanism 
underlying the phospholjpjd effect. Our data suggest that in the iris muscle norepinel~llrinc increases 
the turnover of PhA and Phi phosphorlIs by stimulatjn~ the hydrolysis of endogenou5 PhA or Phi. 
or both, to form more membraneous diglyccride. The latter is then rephosphorylated by dlglyceride 
kinase to form more labeled PhA 

It has been demonstrated by a number of workers 
that cholinergic and adrenergic ncurotransmitters 
stimulate the incorporatioi~ of 3’Pi into phosphatidic 
acid (PhA) and phosphatidylinosjtol (Phi) in a wide 
variety of cells and tissues, including pancreas [I]. 
brain [Z] and its subcellular fractions. mainly the 
synaptosome [X4]. sympathetic ganglia [5], pineal 
[6]. parotid [7f and rat vas deferens [S]. The mc- 
chanism of the phospholipid effect is still undefined 
at the molecular. subcellular or cellular levels. ai- 
though a reasonable amount of progress has been 
made in this direction in the past few years [9--141. 

In a previous communication [ 151 from this labom- 
tory it was observed that in the iris muscle of the 

* Permanent address: Department of Pharmacology, 
Medical College of Georgia. 

rabbit norepinephrine. other catecholamincs. various 
x- and fi-adrencrgic rcccptor blocking agents. and 
~~cetylcholine exerted a marked stimulatory effect on 
the 3”Pi incorpor~~tion into PhA and Phi and a much 
lcsscr ctrcct on phosphatidylcholine (PhC). The in- 
crcasc in the 3’P-labcling of PhA and Phi in the pres- 
ence of norcpinephrine or acctylcholine, which ranged 
from 2- to h-fold, was found to be time- and concen- 
tration-dependent. 

The iris muscle of the rabbit is innervated by cho- 
liner& and adrenergic fibers [lb]. and the presence 
of both types of adrcnergic rcccptors has also been 
demonstrated in the same tissue [ 17. IX]. The primary 
objectives of the present studies were: (1) to show 
whether the phospholipid cffcct in the iris muscle is 
mediated by %- or [Grcccptors: and (2) to shed more 
light on the moiccular mL~h~~nisrn underlying this ef- 
fect. 
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Pwpufufior~ UM/ irffwhutiou o/ iris m~~.sc~/~~. 1 ~ti~incs- 

thctircd albino rabbits of either sex, weighing ap- 

proximately 2 kg. were cmploycd. The! were stunned 
by a blow to the had. exsanguinated and the clcs 
were enuclcated within 15 min of datth and pliiced 

in Krebs Ringer bicarbonate buffer. pH 74. that con- 
tained I I mM glucose. ;it 0 Alier transportation 
from the slaughter house (3 min). the iris muscle. 
which wcighcd I~OLI~ 36 4Omg. W;IS runowcl I‘rotn 

each eye and plnccd in the Krcbs Ringer buffer ltt 
0 In some expcrimcnts on0 or more irises wcrc 
placed in test tubes containing I,3 1111 of the same 
buffer. which was gassed with S’,, CO, in OL heforc 
use. About ZS/rC‘i of “‘Pi was added to each tube 
and ncurotransmitters untf pharmacological agents 
were then added as indicated to give a final volume 
of 1.5 ml. In other c~pcriIilc]lts the irises were first 
prcincuhated in “‘P-Krchs Ringer without cold phos- 
phate for 10 min. then each \\;Is rcincubatcd under 
various conditions as indicated. After incubation ;~t 

37 i‘or 1 hr in a shaking incubator. the irises ~er’c 
washed twice with 5 ml of ice-cold Krcbs--Riligct- hi- 
carbonate butfer. followed by addition of 5 1111 chloro- 
form methanol (?:I. v,‘v). 

Pwparrcth~~ of ,suhcd/~r/tr~~ fruction~ The irises were 
liolllogcnizcd according to the procerlurc of Clark 
1191. except that a glass homogcnilcr was used in 
the prcscnt work, and the \,arious subcellular frac- 
tions wcrc isolated by means of conventional difliircn- 
tial centrifugation. The nuclear. mitochondrial und 

microsomal fraclions wt’rc precipit~lt~~i at 3000. X00X1 
and I X,OOC~ $1 rcspcctivclv. 

.l.\SCl!~ j;v tli(//~U~,~it/~~ l&USC, i/l I/1(’ ,srfh~~c~//lr/~rl~ fitrc- 
fio~.s. Subcellular fractions, cquivalcnt to 2 mg pro- 
tein. were incubated for 5 min at 37 in ;I mirturc 
containing: Tris buffer. pH 7.4. 3OmM; j~$12. 
6 mM: and other reagents as indicated. To nutiate 
the rcaction. 1.5 ltmoles [1’-3’P]ATP (0.5 x IO” cpm) 
WBS added to the incubation medium. The final vo- 
lume was 05 ml. The re;tction was termin~~t~d by the 
addition of 0.5 ml chlol-oforni-methanol (2: I ). 

I:‘strrrc.tiorl a/~/ i.vlltrriorr of /)ho.spholipitls. Lipids 
wcrc cxtractcd from each of the irises. the individual 
phospholipids isokitcd from the oxtracts by mans of 
tw~~-dilncrision~ll thin-layer cllrorn~~to~r~~ph~ (TLC‘) 
and their radioactivities dctermincd as previously tie- 

scribed 113. IS, X]. In gencral. we found that one iris 
contains about 0.5 to 0.6 [mole of lipid phosphorus. 
In brief. each of the irises was ho~no~eIii7cd in 5 ml 
chlol-ofornl-rneth~~iiol (?:I ). the insoluble mat&d was 
ccntrifugcd at IO00 q for 30 min. and the supcrnatant 
was washed twice with 0.1 5 M NaCI. The chlorolhrm- 
rich layer was concrntr-atcd irl !XCI(O. and the phos- 
pholipids were redissolved in ft.1 ml c]lloi-oforIll- 
methanol (2: I I and separ:ttcd into the individual 
phospholipids by means of two-dimensional TLC cm- 
playing Silica gcj H. In the prcscnt work the Silica 
gel slurr! wi15 prepal-cd I~! misinp IX g Silk2 gci W 
plus 2 g magnesium silicate (Supelcosil 41 A. obtained 
from Sup&o, Inc.) in 65 ml deionized water. Addition 
of the silicate brought about the complete separation 
of Phi and phosphatidylserine (PhS). The solvent sys- 
tems used were the following: solvent A. which con- 
sisted of chloroform methanol (X’,,. V:Y) ammonia 

(65:25:4. by vol.): and solacnt R. which consisted of 
jr-butanol acetic acid water (6: I : 1. by vol.). Lipids 
\verc detected by means of iodine vapor. and the 
phospholipid spots were scraped from the plates, then 
counted in a Beckman liquid ~ciiitill~~ti~~il counter ;IS 

&scribed previously [XJ. 
Total phosphorus and Pi M!crc dctcrmincd as rc- 

ported bq Bartlett C-111. Total cholcstcrol was dcter- 
mined according to the nxthod of Momosc VI <II. [72] 
using the pcrchloric acid phosphoric acid ferric 
chloride reagent. Protein was dctcrminod ;IS described 
h> Lowry c’/ trl. C23J with cr)st;fllinc bovine strum 
albumin as a standard. 

~~~~4~(,~.~~~/.s. N~)rcl~iIlcplirinc (Levophed) and t_-iso- 
protcrcnol wc~rc obtained from Winthrop, Sot&l 
from Mead .lohnson (1991-l ). phcntolaminc (Rcgitinc) 
from C‘iha. phcnos! hcnamine from S. K. R: F. Labs.: 
the rcmaindcr of the ncurotransmitters and pharma- 
cological agents H’trc l~Llrc]~~tsc~i from Sigma Chcmi- 
cal Co. [i~P]l’tlosphortrs. carrier--free. WIS obtained 
from Schuar/,!Mann. AdL‘Iiosine-5-[;,-‘~PJtriphos- 
phatc. tctrasodium wit. WIS purchased from IC’N 
Pharln;iccLlticals. Inc. All other chemicals wcrc rc- 
agcn t grade. 

RFWLTS 

As can bc seen from Table 1. PhC’. phosphatidyl 
ethanolamine (Phr‘). PhS and sphingomqelin consti- 
tutcd about ‘93 per cent of the total phospholipid-P 
of the iris mu.sctc. In contrast. Phi and PhA. the mcta- 
bolically active lipids which arc mainI> afYccted by 
ncurotransl7iittcr~. wcrc less than 5 and I per cent 
respcctivcly. 

The purposes of prcincubating the tihsuc for 20 min 
in the “2P-lsbelcd medium were: (a) to lahcl the intra- 
cclluiar precursor pools. and (1~) to cxcludc the possi- 
bilit! that the phospholipid cffcct is caused b) an in- 
crcasc in the pcrmeabilit> to “Pi in the prescncc 01 
the ncurotransmitters. The amine concentrations used 
hcrc were similar to those used by Miclicli and Jones 
1241 in their studies on the Phi labeling in rat parotid 
fragments cxposed to z-adrcncrgic stimulation. At 
0.3 mM concentrations. the noLlrotranslnitters norc- 
piIicpliri]ic. cpili~l~l~rjlic and dopamine exerted up to 
200 per cent stimulation on the “‘P-labeling of PhA 
and Phi: howc\,cr. at OGO3 mM. the clTect was onI> 
I0 26 per cent of that of the control (Table 2). In 
contrast. norcmctancphrinc. metancphrine and ad- 
rcnochromc had a m~tclt lesser cffcct. ~-Hydrox~dop~~- 
mint. a drug which is known to dcstroj sympathetic 
neurons sclcctivclq ht causing acute degeneration of 
adrenergic terminals. Inhibited the “‘P-labcling of the 
PhA hq more than 70 per cent (Table 2). In contrast 
to our previous studies [ 1.51 in which wc ohservcd 
11 stimulatory cfrccl of I mM histamine on the “P-la- 
bcling of PhA and Phi. in the prcscnt studies wc 
found thdt O-3 mM of this amine cxcrts an inhibitor) 
cffcct on the “‘P-lnbcling of PhA and Phi. In addition 
to tho diffcrcnco in conccntrntions. in the present 
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Table 1. Phospholipid and cholesterol composition of rabbit iris muscle* 
- 

P P 

Lipid (~mi0les.g wet tissue) (I’,, of total lipid P) 

PhC‘ 4.x 1 4 I UJ 
PhF 3.80 17.40 

PhS 0.99 x.4 

Phi 0.57 4.86 

PhA Wh3 054 

Lyso-Phf 0~0.58 049 

Spl~ingo~l~elin I 4.3 I’-’ 
Total cholestcrolt 1% mg,‘g tissue 

* In this cxpcriment 2.X g of irises ws extracted with chloroform-methanol (2:l). the individual 
lipids were isolated by means of two-dimensional TLC. and the spots here either digested 
as was previously described [.?O] or elutcd. and the phospholipid P was determined. In general 
the lipid phosphorus was lower by IO per cent when the spots wcrc cluted. Lipid P (I.5 pnoles) 
was \pottcd on each TLC plate. The results were obtained from two difl’crcnt experiments. 

t This \,aluc represents total cholesterol in the lipid extract before TLC analysis. After clution 
of the cholesterol spot. the amount was 75 per cent of this value. 

studies we preincubated the slices in “P-Krcbs 
Ringer. without cold phosphate. for 70 min in the ah- 
sence of the amine. The preillctl~~tion step ;tppcars 
to bring about for~l~~tion of more diglyceridc in the 
slices and thus a larger incrcasc in the “‘P-k&cling 
of the phospholipids. and suhseyucntiy an alteration 
in their response to the amines. The results we ob- 
tained from a number of the following experiments. 
e.g. the effect of isoprotercnol. support this suggestion. 

Acetylcholine increased the labeling of PhA and 
Phi markedly (Table 3). The acetylcholine stimulation 
was blocked by atropinc. Escrine had no c&t on 
the 3’P-labeline of phosi~holipi~is and. as was rc- 
ported hv other investigators. c~~r~3~ni~lcllolinc wx 
less effective than ~~cct~lcllolinc. 

Thcsc studies wcrc Lllldcr~kcn in order to demon- 
strate whcthcr in the iris muscle the phosphoiipid ef- 
feet is mediated by the X- or (I-receptors, or by both. 
As can he seen from Table 4. norepinephrinc. an F 
and /Creccptor stimulator. and phenylephrine. which 
spcciticallq stimulates adrcncrgic z-receptors [25]. in- 
creased appreciably the labeling of PhA and Phi hut 
not PhC. In contrast. isoproterenol. a /Greceptor 
stimulator 1251. had no effect on the “‘P-labeling 01 
phospholipids. (SW the previous section for the poss- 
iblc reasons for the discrepancy from our reported 
observations with this drug.) This clearly demon- 
strates. as was shown in the rat parotid 17. 241, that 
in the iris the stil~~ul~~tioil of phospholipid lnet~bolism 
in the prcscnce of z-agonists involves r.-rtxeptors. To 
support this conclusion we itivcsti~~~ted the intluence 

Tnhlc 2. Elkct of ditkrerent concentrations of amine netirotranslilittc‘rs and their mctaho- 

litcs on labeling of phospholipids in the iris musclc*t 

Effect of the amincs on phospholipid 
lahelinp 

Amine added 

L-Norcpincphrinc 
N~l-cInct~ilcphrinc 
L-~pinephrinc 
Met~~ncp~rine 
Adrcnochromc 
Dopaminc 
h-Hydroxydopaminc 
Histamine 

--. 

PhA Phl 
(‘I,, of control) (‘I,, of control) 

115: 141:X7: 117: 133; 196 
x9: 94: IQ 109: 117; 131 

IX; 195: 244 137: 17X; 200 
104: 131: 1% 170: 151: 140 
X9; 10X: 94 132~141~ 145 

1 IO; 177; IS5 176; 1351 141 
76: 67: XI 97: 95: 108 
x4: 76: 77 115:117:113 

*: In the above cxpcrimcnt all the irks wcrc first prcincubatcd for 20min in I5 ml 
of Z’P-lahcled Krchs- Ringer from which cold phosphate was omitted. then each muscle 
was transferred mto test tubes and reincubated for an additional 40min in 1.5ml of 
fl-esh “P-1abclcd Krcbs Ringer in the prcscncc and abscncc of the amines. The results 
rcportcd hcrc arc averages of two different experiments: each was run in duplicate. In 
general the variations in this experiment as well as in the following experiments ranged 
from 0 to 5 IX,- cent hctwcen triplicates in the same experiment and between ditfcrent 
cxpcrirnents. 

f In this cxpcrimcnt PhC‘ and Phf: wcrc ~nalycd and the values for both ranged 
between 95 and i 10 per cent. 

: These ~Iues correspond to WO3. 033 and 0.3 mM co~~cen~r~~ti~~~s rcspL~tivcl\. 
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Table 3. f3kct 01‘ dilkrcnt concentrations of chofinerpic 
agents on labeling oF PhA 3nd Phi m the iris muscle* 

-...__._._____..-..__..__ -I___ 

ktKX3 01‘ the cholinurgic 
agents on pho.spholipid la bcling 

of X- and /I-adrcncrgic blocking agents on the phos- 
pholipid effect (Table 4). Sotalol, a rG-blockcr. exerted 
no effect on the norepincphrin~-stim~tlated phospho- 
lipid labeling. i~L-Propr~lnolol. a /&rcceptor blocker, 
did not block the nor~pineilhrinc-stim~ttat~d phos- 
pholipid effect: however. at 0.3 mM concentration it 
increased the 3’P-labcling of PhA and Phi by IO- 
and ?-fold rcspectivelv. Furthcrtnore. it inhibited al- 
most completely the 3’P-labcling of PhC‘. In contrast 
the drug phentoiamine. an +adrcnorgic blocker. inhi- 
bited the nor~pincphrin~-stimulated l~hospholipid ef- 

feet at lower concentrations (WO.1 and 043 mM) and. 
as with propranolol. it inhibited the “P-labeling of 
PhC. The efkct of higher concentrations (0.3 mM) 01 
propranolol and phcntolamine on various phospho- 
lipids in the iris muscle rcvcaled a dramatic increase 
in the “‘P-labeling of Phh. Phi and. uncspcctediy. 
of CDP-digly~eride hut not PhE. and a significant 
inhibition of PhC (Table 5). In Table 5 one can see 
the high level of “‘P-labeling of the various phospha- 
lipids under our conditions of incubation. Further 
evidence that r-receptors are involved in the phos- 
pholipid effect comes from the present studies on 
pt~~noxyben~amine, an z-receptor blocker. As can be 
seen from Table 1. this drug abolished the nore- 
pinephrine-stimulated “LP-labeling of phospholipids. 
In accord with our previous studies on cyclic AMP 
1151, dibutyryl cyclic AMP had no intluence on the 
phospholipid effect. 

The second objective we sought in the present 
studies was to learn more about the prop&es and 
the molecular mechanism underlying the phospho- 
lipid effect. In all of the following experiments, unless 
indic~~ted othcrwisc. K&s--Ringer ~on~~in~ng cold 
phosphate was used and the irises wcrc not prcincu- 
hated. The following are some of the experiments WC 
have undertaken. 

&@c‘t 0f‘ gl~o.sc~ uf ftl its if f rcl~ff fc,rli~rte off t/w phs- 
pholipitl c$&T. When glucose. pyruvatc, glycerol, fruc- 
tose l,&c~iphosphate or r-glycero-P were included in 
the Krcbs- Ringer. only glucose increased signi~~i~tl~ 

Table 4. Ftkct 01‘ ditkruit conocntrations 01‘ Y- and /i-adrencrgic agonists and antagonists on the labcling ol‘ phospho- 
lipids in the iris mu&* 

- - __.~ 

Effect of the antagonists andior agonist.\ on 
i~h~spholi~id rn~t~i~~~~lisrn 

Antagonist 01. 
agonist addcd 

.~ 

L-Norcpincphrine 
Phenylcphrinc 
lsoprotcrcnol 
Sotalol 
Norepinephrine + 

sotalol 
IX-Propranolol 
Norcpincphrinc + 

propranolol 
Phcntolaminc 
~oref~inef~hrinc + 

phe~ltol~~tni~lc 
Phcnoxyhenzaminc 
Norepinephrinc + 

phenoxyhcntaminc 
Phentolaminc -t 

propranolol 
Norepincphrinc + phcntolaminc + 

propran~l~~f 
Dibutyryl cyclic AMP 

Pl1.A 
0 ( ,, 0r control) 

_._.~ 

Il7~176,~‘7vt 
1211 167; 191 
92: IOO; 109 
45: 93: 92 

PI11 
(#I,, 0r c0m0i) 

PllC‘ 
v,, 0r control) 

1.3’. 17i:i31 ..* 

1.39: 19X; I80 
100: 95; 03 

102: 105: 104 
103; IO’: 101 
Y,Y: 99: toi 

103; 102: IOI 

YX: Y6: IO-7 
07: 54: 9 

II)‘): 60: 0 
YO: 15: I9 

so: 76: 3fi 
IO.3: 97: h”) 

* Conditions of’ incubation were the same as described in Footnote to Table 2. except that the agonists Lvcrc added 
in the final 10 min of mcubation. while the antagonists were added immediately alicr prcincrlhation of the irks. 

+ These values correspond to OW?. OXI3 and 0.2 mM concentrations respectively. 
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Tnhle 5. Effect of proprano~ol and ph~ntoia~liinc on the incorporation of “‘Pi into p~~os~~holipids of the irts muscle* 

Drug added 
C’onccntration 

(mM) 

Activity found in the various phospholipids 
(q&spot) 

PhA Phl Ph(‘ PhE 
CDP-diglyceride 

+ PhSt 

None 19.645 69.953 32.486 IO.371 2.498 
I)L.-Propranolol 0.3 190. I74 148.131 2.965 X.Y23 39.068 
Phentolaminc 0.i S8.045 140.?4 I 6.338 I I .645 14.?21! 

* Thcsc data arc taken from an cxpcriment similar to that described in Tahlc 4. 
J- PhS was idcntificd hg incubatil~~ irises in Krchs-Ringer medium containing t,t.-scrine[i-‘Jf]. All the radioactivity 

was found in the PhS spot. Flil-thcrinor~. in order to show whcthcr the PhS contained any Phi. the irises were incubated 
in Krebs- Ringer rne~iiu~l contail~ill~ [JH]inositol. The results from this experiment showed that the PhS spot contained 
n~~[-‘H]inositol-labciedphospholipids.TheCDP-dig~yceride~asidentified by meallsoftwo-dimensional t.l.c.and through the 
use of [‘Hfcytidine as precursor. More than 95”,, of the stimulatory effect of the drugs was found in this compound. 

the “‘P-labeling of PhA and Phi and the stimulatory 
effect of norcpinephrine. 

&Effcct c!f’r’trVj,iil(/ l/I(J te/ll/?c’iY~rlfi’c’ 011 !/I(, pl1osp/1o/ipitl 
rflirt. Studies on the effect of tcmperaturc on the 32P- 
labeling of the iris mu& showed that only PhA was 
significantly labeled at 0 (Table 6). While Phi had 
a ncgligiblc amount of radioactivity. PhC contained 
none. When the tcmperaturc was raised to 15’. PhA 
labcling increased by almost IX-fold, Phi increased 
si&n~fi~~~litly. and PhC still showed no r~dio~ctjvity. 
In contrast. when the temperature was raised from 
15 to 22 . the level of radioactivity in Phi increased 
by X-fold while that of PhA was less than j-fold. 
Again PhC‘ contained littlc radioactivity. The incrcasc 
in the labeling of PhA, Phi and PhC when the tcm- 
pcrature was raised from 22 to 17 was found to 
be around 2-. X- and 37-fold respectively. The stimula- 
tory effect of norcpinephrinc on phospholipid labeling 
increased gradually with temperature (Table 6). 

&fJi~ct qf’ ficvrif!y urd tlwwir~y off the phosplrolipid 
@ct. When the mses were frozen and thawed four 
times. they lost almost all of their ability to incorpor- 
ate 3’Pi into phospholipids. ~~lrth~rmore. norc- 
pin~phrin~ (O-3 mM) exerted little effect on the 3”P-la- 
bcling of phospholipids in the slices which were 
frozen and thawed. Thus. values for PhA obtained 
from a typical experiment showed that. in contrast 
to the norlnal slices where norepincphrine (0.3 mM) 
stimulated the PhA lahcling from 2.59 x 10J to 
6.68 x IO4 cpm. in the fro/en and thawed slices it 
stimulated the labeling from 192 to 198 cpm. 

Eflkt of’ tloicpirlrJphlir7c, 011 the “‘Pi iwni~porution 
irm pho,sp/dipitl,s of’ruhhir iris JII~~.s~& sffh~ll~rla~ t/is- 

trihtrim. To localize the site of the phospholipid ef- 
feet and thus gain more insight into the molecular 
mechanism as well as the physiological role of this 
effect in the iris muscle, the irises wcrc first incuhatcd 
in Krebs -Ringer butTer containing 3 ‘Pi in the prcs- 
encc and absence of nor~pin~phrine (IO- ’ M) for i hr. 
then s~lbfr~ction~t~d by means of diffel.~llti~~l wtbfmc- 
tion~tion into their respective st~b~~ll~llar fractions. 
We used a higher concentration of norepincphrine bc- 
cause in our previous studies [ 151 we observed maxi- 
mal stimulation at this concentration. Furthermore. 
PhC is also stimulated at this concentration. All the 
subcellular fractions were found to he susceptible to 
the stimulatory effect of norepinephrine. and in gun- 
era1 PhA and Phi and. to a lesser extent, PhC were 
the phospholipids most affected (Table 7). 

&&Gct (?f qitq WI the phospho/ipit/ rffkt. To investi- 
gate the stability of the phospholipid effect in the iris 
muscle. the action of norepinephrine (0.5 mM) on the 
“P-labeling of phospholipids was invcstigdted in ir- 
ises which were kept at 4 for periods up to 3 days 
(Fig. 1). Maximal stimLll~tion for PhA and Phl label- 
ing was observed after I day. then it decreased gradu- 
ally with aging. Interestingly. the level of “P-labeling 
in all of the phospholipids was highest after 3 days 
of aging. Thus, in irises which were dissected I hr 
prior to incubation. the radioactivities (cpm/spot) 
which wcrc found in PhA. Phi and PhC were 6,429. 
10.557 and 10.055: in irises which were aged for 3 

Table 6. Effect of varying the tcmperaturc on the labeling of phospholipids in the prcsencc and absence of 
norepinephrinc* 

Tempcrdturc PhA 

Activity 
(cpn1~spot) 

Phi PhC 

Effect of n(~rcpinci~hrine 
on phospholipid labeling 

(“,> of control) 

PhA Phi PhC 

0 63 (67)1 3:: (3) 0 (0) 106 100 
I5 1.134(1.47X) 16X (224) 0 (0) 135 133 
27 2.947 (4.358) 1.395(1.X9?) 37 (31) 14x I.36 
37 5.1 x7 (9.462) I i.SO5 ( 16.7 IS) 1.3X4(1,425) IX2 145 IO.1 

* One iris was placed in each tube which contained I.3 ml Krebs-Ringer (with phosphate) and 25 I[Ci “‘Pi. Nore- 
pincphrine (0.5 mM) was added as indicated. Final volume was I.5 ml and time of incubation was 30 min. 

+ Activity (cpm) in the phospholipid in the absence and presence of norepinephrine respectively. 
z This radioactivity is insignificant and thus cannot be used in computing the ‘I,, increase in Phi with temperature. 
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Tahlc 7 Fflbct of norcpmcphrmc on the incorporation of .“Pi into phoapholipids of subcellular 
frxtions isolated from incuhntcd iris muscle” 

Stimulators clTcct of norcpincphrinc 

(“,, of control) 

Fraction PhA Ph I PhC’ 

Original 
homogcnatc 

N uclc8r fraction 

Mitochondrial 

fraction 
Mitt-osomal 

fraction 

* In this cxpcl-lment 23 irises WC‘!-c plnced in each of two 115ml jtoppcred conical tl;iak\ 

containing 3 ml of complete “P-Krchs Ringer. Norcpincphrlnc (IO mM) ~2~s added to the cupcr- 

[mental tlask and. after incubation ;tt ?7 br I hr. the irises uerc homogcni/ed :ind subfrac- 
tionatcd h! means of dilbrcntial ccntriftlgation 21s dcscrlhcd Ilndcr Methods. 

+ Activity in the control (cpmspot). 
: .4cti\it! in the prescncc of norcpinephrlnu (cpm spot). 

4‘ Stimulator! cll’cct of norcpincphrms expressed uh “,) of control. 
The activities of the following cn/)mc markers were detcrmincd: (I J NADPH-qtochrome 

rcductase xnd (Mg’ ’ + C‘a’ )-dcpcndcnt ATPasc for the microsomal ft-xtion; :und (2) succinic 
dch!drogcnase for the mitochondl-lnl fraction. The vxluc\ ohtoined fbr the nuclear. mitochondri;ll 

and microsomal rractlons ~I‘I-c rcspectivcl) : NADPH-c! tochromc reductasc. I.()?. 4.5 :rnd 7.35 
units. where the latter is dcfincd as the increase in (I.D. at 550 nm,‘mg protein per hr: 

[Mg” + C‘a” ]-dependent ATPnse. Z.5-I. 7.58 and 14.10 units. where the latter is defined ;I> 
that which splits I qolc ATP:mg of protcm per hr: and succinicd~h!drogcnase. 0. I.77 :lnd 
0 units. uhcl-c the lnttcr is detcrmincd ah that which reduced K,Fc(CN),, ;I( 20 nnd IS czprcssed 

;ID the dccrcasc in O.D. at 400 nm mp of protcln hr. 

days. the radioactivities wcrc 7.3 13. 14.947 and 24.2X7 

respectively. The increase in the “‘P-labeling of the 

phospholipids could be due to the cnLymatic hydroly- 
sis of the latter to form more diglqceridch with aging. 

Efjhr of’ ,lf~,c’/Ji/lc’/‘/?,_;~l~’ 017 Ph.4 U/U/ P/II /~w/s ;!I 

iris m~sc~lc~. In a recent paper Hokin-Ncavcrson 1161 
showed that acetylcholine caused ;I net dccroasc in 

Phi and a net increase in PhA in mouse pancreas. 
It was of interest to show if norcpinephrinc has an! 

effect on the lcvcl of these lipids in the iris muscle. 
WC found that norepinephrinc (up to 0.3 mM) can 

indeed bring about a decrease in the lcvcl of Phi and 

0 I 2 3 

AGEING (days) 

Fig, I, Effect of norepincphrine. cxprcsscd 3s pc‘~- cent of 
control, on ‘“Pi incorporation into PhA. Phi and PhC 
of irises which were isolated and kept at 4 in Krchs 
Ringer for 2. 24. 4X and 71 hr prior to incubation for 
40 min at i7 in the pl-escncc and ahscncc of norcpincph- 

rinc. (0.5 mM). 

an mcrcase in PhA (Table 8). Thus at 0.3 mM of norc- 
pincphrine the levels of Phi and PhA wcrc 75 and 

163 per cent of that of the control respectively. 
E//;Jc,/ of rlorc,l’iric,p/l~itf~, ou tli~jl~wrirk kitusc, uc- 

/ir i/d, i/l I/U, ~/~~~/I~I/LII~ /i.trc.~h~ of I/K, iri.y mr~sc/~,. The 

tinding that the phospholipid effect was distributed 

in all the subccllular fractions (Table 7). coupled with 
the Ihct that ~hc lcvcl of PhA WIS increased in the 

norcpinephrinc-stimulated iris muscles (Table X), sug- 
gested to us that norcpinephrine could bc acting b> 

stimulating the diglyccridc kinasc. The results from 

these studies showed that direct activation of digl>ccl-- 
idc kinasc b! norcpincphrinr does not appear LO bt’ 
the molecular mechanism undcrlqing the phospho- 

lipid cll&t. 
1$&t o/ flo,.c,/‘i,rc,/)/l~;/l[, o/t 1/w mtc o/ i/lc,o~./)c”.c’/ro,r 

01 “‘Pi i/r/o r/w iri.s /‘/tos/Jho/i/)itl.s. Results of studio 

on the ct‘fi’ct of norepincphrine on the rate of “Pi 
incorporation into PhA. Phi and Ph(‘ arc sutnnxtr- 

ircd in Table 9. While the specific radioactivitics of 

Phl and PhC‘ incrcascd with time both in the prcscncc 
:~nd absence of norcpincphrinc. that of PhA increased 

onl) in the 171.cscncc or the ncLlrotninsmittL‘r. This 

could suggest tither that there are two pools of PhA 
and only one of them is b&n, 0 stimulated h\ norm- 
pincphrinc. or that the latter could hc stimulaiing the 

enqmatic hyirol! si$ of specific phospholipids. c.g. 
PhA or Phi. or hoth. to form more mcmbrancou~ 

diglhccridcs. 

An adbantagc of working with the iris muscle is 
that it is an instant tissue slice whose dimensions are 
such that it can hc immcrscd in an nppropriatc me- 

dium and various p;~txmctc‘r\ of metabolism studied 
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Table X. Eflicct of norepinephrine on PhA and Phl levels in the Iris muscle* 

461 

Agent added 
Cone Phl PhA 

(mMI (/tmoles phospholipid-P:g wet tissuclt 

C‘ontrol 
Norepincphrine 
Norcpincphrinc 
Norcpincphrinc 

0~650 0~063 
oaoi 0~610 0.074 
0.03 0.533 0~0x3 

0.3 0.490 0.103 

* In this cxpcrimcnt each tlask contained IO irises. Each cxperimcnt &as run in duplicate 
at 37 for I hl-. Norepinephrine was added as indicated. The results :11-c avcragcs of two 
dilfcrent cxpcriments. 

i- In this cxpcriment the phospholipid spots wcrc scraped otl’ the plates. then d&ted 
in pcrchloric acid and thcil- phosphate contents determined according to the procedure 
ol’ Ral-Mt [?I]. The le\cls of PhC‘ and PhE did not change nndcr the same condition\. 

without further dissection. This characteristic of the 
iris. coupled with the finding in the present studies 

that the phospholipid ctt‘ect can still be demonstrated 

after 3 day of aging (Fig. I ). has f%cilitutcd our work 

and made it rather easy to obtain vyr) reproducible 
data. The composition of phosphohplds of the iris 

muscle was found to hc similar to those of liver. kid- 

ncy and spleen [27]. Thus. PhC‘ accounted for about 
41 per cent of the total phospholipid P. PhE for 32 
per cent. and sphingomyelin and PhS for I2 and 8 
per cent respectively. PhA and Phi accounted for only 
5 and 0.5 per cent respcctivcly. There is little informa- 
tion on phospholipid metabolism in the iris muscle. 
Previously we showed that when the iris muscle was 
incubated in “‘P-Krcbs Ringer at difkrcnt time inter- 
vals, PhA was labeled first and. as the labeling of 
this phospholipid dccreascd with time. that of Phl 
increased [ 151. This observation. coupled with the rc- 
suits obtained from the tcmperaturc cxperimcnt 
(Table 6) in which the PhA.!Phl ratios at 0 . 15 12 

and 37 wcrc 21. 6.7. 1.1 and 0.5. rcspcctivcl). suggests 
a central role for PhA in phospholipid biosynthesis 
in the iris muscle. and the results arc similar to those 
found in liver [2X]. 

The iris consists of dilator and sphincter muscles 
and both contain X- and /i-adrenergic rcccptors [IX]. 

Norepincphrinc. predominantI> an 7-rcccptor agonist. 
induces contraction of the smooth muscle of the iris. 
while isoprotercnol. a /i-rcccptol- agonist. causes rc- 

laxation [Y], The findings that both adrcncrgic and 
cholincrgic neurotransinittcrs cnhanccd the “‘P-labcl- 
ing of PhA and Phl (Tables 2 and 3 rcspcctivcly) 
could qzgest a physiological 1-01~ for the phospho- 
lipid cfkct. In contrast. their metabolitcs (Table 3) 
or histamine. which has not let been shown to func- 
tion as a ncurotransmittcr [30]. cxtertcd littlc ctkct 
on the “‘Pi incorporation. It is interesting lo note 
that an increase in the “‘P-labcling of PhC’ uas ob- 
scr\#cd only at higher concentrations (I IOmM) of 
cholinergic or adrcncrgic ncurotransmittcrs [ 151. 
Thus. in the prcscnt studies. when lower concent- 
rations of the ncurotransmittcrs (003 to 0.3 mM) wcrc 
added to irises which wcrc proincubatcd in ‘?P- 
Krcbs Ringer for Xmin. only the labeling of PhA 
and Phi was affected. Initially the objective from the 
preincubation step was to label the intracellular pre- 
cursor pools and to exclude the possibility that the 
phospholipid elkct is caused by an incrcasc in the 
permeability to “Pi in tht: prcsencc of the neuro- 
transmitter. However. the results from our prcscnt 
studies show that this step is required in obtaining 
this effect at lower concentrations of the neurotrans- 

Tahlc 9. Ell’cct of noropmcphrine on the rate of incorporation of “Pi into the iris phospholipids* 

Time of incubation 
(minb PhA 

Specific radioactivitk of phospholipids 
(cpm,‘,umolc P x IO- ‘) 

PI11 PhC 

0 lOOf (91): 
5 loo(l47) 

IO 95(190, 
I5 96 (22X) 
70 I I I (246) 
30 I I I (342) 
60 I IS (333) 
90 lO9(441) 

23.9 (35) 
31.5 (33.6) 
39.6 (44.6) 
36.5 (9%) 
62.7 117.3) 
7x4 167) 

122.6 1X7) 
119 219.X) 

3.7 
-3.4 

3.x 
44 
5.; 

6.9 ( 
I9 (1 
74 (‘ 

(3.7) 
(3.X) 
(3%) 
(6.1) 
(9.1) 
I?‘~) 
!4) 

41) 

* In this experiment the irises were prcincubated in Krcbs-Ringer containmq “Pi (X ~tCi:ml) fol- 10 min al 37 The 
irises (IO/Hask) were then transferred to 3 ml fresh Krchs Ringer containing -“Pi and incubated m the presence and 
absence of norepinephrine (2.5 mM) at various time intervals as indicated. The radloactivitics and phoaphatc content 
of PhA. Phl and PhC were then determined and their specific radioactivitics computed. The results Ircported in this 
table are averages of two different experiments. 

t Control. 
$. In the prcscnce of norepincphrine. 
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mitters. This appears to hold true also for the neuro- 
pharmacological agents. This step could either serve 
to form more diglyceride in the slices or could in- 
crease the susceptibility of those enzymes involved in 
the phospholipid effect to the neurotransmittcrs. Un- 
der these experimental conditions the following find- 
ings. which could support a physiological role for the 
phospholipid effect. were observed. (I) Acctylcholine 
at concentrations of the order of OGO3 mM. but not 

eserine (0.03 mM). increased the “P-labeling of PhA 
and Phi by 40 and 75 per cent respectively. This oflect 
was abolished upon tho addition of atropine (Table 
3). (2) Norepinephrine and cpinephrinc stimulated the 
3’P-labeling of PhA and Phi markedly and this sti- 
mulatory effect appears to be mediated through x- 
and not P-receptors (Table 4). This conclusion is sup- 
ported by the following observations. (:I) Only z-sti- 
mulators. e.g. phcnylephrine. increased significantly 
the 32P-labeling of PhA and Phl. and the phospho- 
lipid effect was blocked by cr-blockers such BS phento- 
lamine and phcnoxybenzamine. (b) j-Stimulators 
such as isoprotercnol had little influence on the “‘Pi 
incorporation into phospholipids. and /j-blockers 
such as sotalol and propranolol did not block the 
norepinephrine-stimulated phospholipid effect. Ad- 
rencrgic stimulation of the “P-labeling of phospho- 
lipids has been shown to be mediated through z-ad- 
renergic receptors in rat parotid 17.241, rat brain [ 131 
and rat vas deferens [Xl. (c) P-Receptors have been 
suggested to be mediated by cyclic AMP [3 I]. Results 
from our previous [I 53 and present studies on the 
iris showed that neither cyclic AMP nor dibutyryl 
cyclic AMP had any effect on the phosphotipid effect. 
At higher concentrations (0.3 mM). phentotamine and 
propranolol increased by soveral-fold the labeling of 
PhA and Phi, and, unexpectedly. of CDP-diglyceride 
(Table 5). Furthermore, both drugs inhibited “‘Pi in- 
corporation into PhC. This observed effect of pro- 
pranolol and phentolamine could be due to their 
marked influence on phospholipid metabolism and is 
probably not related to their ability to block adrener- 
gic receptors. In a more detailed study on the effect 
of propranolol we have shown that it increases the 
incorporation of serinc into PhS: similart\. it increased 
the incorporation of [‘Hlcytidine into C’DP-diglyccr- 
ide by more than IO-fold (A. Abdel-Latif and .I. Smith. 
unpublished observations). Eichberg c’t trl. [6] showed 
that several substances with widctj differing potencies 
as /i-adrenergic receptor blacking agents, including 
[>I,-propranolol. I,-propranolol. dichloroisoproterenol 
and atprcnolot, but not sotalol. increased 33Pi incor- 
poration into pincal acidic phospholipids. 

In our studies on the molecular mechanism under- 
lying the phospholipid effect we have shown the fol- 
lowing. (a) In the presence of norcpinephrine maximal 
stimulation is obtained when glucose is used as sub- 
strate. (b) The phospholipid effect is temperature-de- 
pendent with maximal stimulation occurring at 37 
(Table 6). (c) Both the “Pi incorporation and norc- 
pinephrine stimulation are lost upon froeling and 
thawing. (d) The 3’Pi incorporation either increased 
or remained unchanged when the irises wcrc aged up 
to 3 days at 4 (Fig. I). In contrast. the norepineph- 
rine stimulation increased after I day of aging but 
decreased gradual]!. during days 2 and 3. (d) The 
phospholipid eflicct 1s nonspecific with respect to sub- 

cellular distribution (Table 7). These observations in- 
dicate clearly that certain enzymes arc being stimu- 
lated to produce the phospholipid effect. The cnzq mes 
which have been implicated in the phospholipid efrect 
are diglyceride kinase 1321. PhA-phosphatasc [ 131 
and Phi-inositolphosphohydrolase [l I]. The fact that 
diglyceride kinase [33], PhA phosphatasc [ 14.341 
and Phi-inositolphosphohydrolase [35] are widely dis- 
tributed in the cell could explain the nonspecific dis- 
tribution of the phospholipid effect in the subccllula~ 
fractions of the iris muscle (Table 7). This finding is 
in accord with previous observations on the nonspeci- 
fic distribution of the phospholipid effect in the suh- 
cellular and cellular [14] fractions of rat brain cortex 
slices. The finding that addition of norepinephrine 
brought about a 25 per cent decrease in the level 
of Phi and a 63 per cent increase in the level of PhA 
(Table 8) could suggest that this ncurotransmittcr 
could be acting by stimulating PhI-inositolphospho- 
hydrolase and subsequently conversion of Phi into 
I.‘-diglyceride. Hokin-Neaverson c’t (II. reported rc- 
cently that addition of acetytcholinc to slices from 
mouse pancreas decreased the level of Phi and in- 
creased that of PhA [26] as well as that of dig!yccridc 
[36]. Tht: finding that the specific radioactivlt) 01 
PhA remained almost constant between 0 and 90 min 
of incubation. in contrast to that in the prcscncc 01 
norepinephrine, while that of Phi and PhC increased 
with time (Table 9) suggests the following possibilities. 
(I) There are two pools of PhA only one of which 
is responsive to norepinephrine. (2) The neurotrans- 
mitter stimulates the hydrolysis of the cold (endo- 
genous) PhA and Phi to form more digtyceride. The 
latter is then rephosphorylsted in the presence of di- 
glyceride kinase to form more labeled PhA. Our data 
support the latter possibility. 

Insofar as the physiological significance of the 
phospholipid erect is concerned, our fueling is that 
it could represent an attcration in the properties 01 
the post-synaptic membrane following transmission of 
the nerve impulse. The function of this alteration 
could bc to bring about the original conformation 
of the post-synaptic membrane. These alterations 
could correspond to the dephosphorclation (to form 
diglyceride) and rephosphorylation of the post-synap- 
tic membrane. The latter could simply be functioning 
as a repair process. To shed more light on the phbsio- 
logical function of this effect we arc investigating the 
effect of chemical dencrvation. surgical dencrvation 
and electrical stimulation of the sympathetic net-vc 
on phospholipid metabolism in the iris muscle. Inso- 
far as the molecular mechanism underlying the phos- 
pholipid effect is concerned, our data indicate an in- 
crease in I.2-diglyceride. which could he caused hi 

norepinephrine stimulation of either PhA-phospha- 
tase or Phi-inositolphosphohydrolase. or both. since 
diglqceride kinase was shown not to bc imohed. 
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