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INTRODUCTION 

I. Statement of Problem 

The biological re~ponse of various excitable tissues to neurotrans

~itters and other pharmacological agents is associated with an increase 

in the phosphate turnover of certain phospholipids, particularly phos-

phatidic acid and phosphatidylinositol. This phenomenon, known as the 

phosphoinositide effect, is readily observed in intact tissues or whole 

cell preparations, but cannot be demonstrated in cell-free or subcellular 

fractions. Debate regarding the mechanism of the phosphoinositide 

effect is currently centered around the obligatory requirement of ca
2
+ 

as an intermediate between receptor activation and phosphoinositide 

turnover. In earlier studies from this laboratory Abdel-Latif and 

coworkers have demonstrated that in rabbit iris smooth muscle the neuro-

transmitter-stimulated phosphoinositide effect has an absolute require-

! 2+ ment for Ca , and further, have suggested that the absence of this 

effect in microsomal fra~tions may be due to the disruption of this 

second messenger system as a cgnsequence of tissue homogenization. An 

alternate explanation for not being able to demonstrate the phosphatidyl-

inositol effect in the microsomal fraction could be a change in the 

characteristics of the receptors involved upon cell fractionation. This 

study was designed to further investigate the tatter possibility by 

determining whether or not tissue homogenization has any effect on. the 

pharmacological properties of the neurotransmitter receptors themselves. 

In the rabbit iris this phenomenon is mediated through muscarinic cholin-

_ ergic and alpha-adrenergic recepto·cs" There£ ore-; radio ligand hinding 

1 
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studies have .been undertaken to characterize the properties of muscarinic 

cholinergic and alpha-adrenergic receptor populations in both intact 

rabbit iris muscle and a microsomal fraction derived from it.' Thereby, 

t~e pharmacological viability of these receptors in the microsomal 

fraction can be assessed, and any changes in binding properties asso

ciated with tissue homogenization may be reviewed with regard to the 

loss of the· phosphoinositide effect in the microsomal fraction. 

In addition to the turnover of phosphoinositide phosphate, the 

phosphorylation of cellular protein is a major mechanism through which 

biological cells respond to external stimuli. Specifically, in smooth 

muscle cells, the phosphorylation of myosin light chain is thought to 

play an integral role in the regulation of cellular contraction. There

fore, to extend the investigation of phosphate turnover in the rabbit 

iris muscle, a series of· studies were initiated to explore protein 

phosphorylation patterns in this tissue and to identify changes in 

response to neurotransmitters, divalent cations, and other pharmaco

logical agents. Protein phosphorylation studies were undertaken in both 

intact tissue and in microsomal fractions. The purpose of these studies 

was to define protein phosphorylation-patterns in the·rabbit iris smooth 

muscle, to demonstrate any changes in response to added stimuli, and· to· 

establish a foundation for later studies which will correlate phospho

protein and phosphoinositide phosphate turnover in this tissue. 
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l.~ .•. ,. E.ev:l~W. of the Literature: 

A. Apatomy and Innervatio~ of the Rabbit Iris Muscle 

The mammalian iris muscle is composed of twp opposing smooth muscles, 

namely the sphincter pupillae and the dilator pupillae, which function 

together as a diaphragm controlling the amount of light striking the 

retina. Both muscles are part of the anterior uvea (Fig. 1) and are 

neuroectodermal in origin. The sphincter is an annular band of smooth 

muscle surrounding the pupil which on constriction draws the iris inward, 

thereby reducing the pupillary aperture. The dilator is a radially

oriented smooth muscle which attaches at its interior margin with the 

sphincter and anchors at its exterior margin to the uveal wall. When 

constricted the dilator draw.s the iris outward and thus dilates the 

pupil. 

The muscles of the iris are controlled by the autonomic nervous 

system, however, the· precise nature of the innervation o.f the iris 

muscle and its component parts has· undergone extensive examination since 

the initial report of Loewenfeld (l). This study contended that the 

dilator muscle is sympathetically controlled via the superior cervical 

ganglion and the long ciliary nerves, and ·that the sphincter muscle is 

parasympathetically controlled via the ciliary ganglion and the short 

ciliary nerves. The completeness of this report was later challenged by 

the discovery of adrenergic nerve terminals in the sphincter region of 

the cat iris (2,3). In addition, cholinergic agonists were found to 

induce re.;t:a~at:ion:.··'-in. the· dilator of two species (4,5). More recent 

pharmacological studies using isola ted sphincter and isola ted dilator 

preparation;; from rabbit iris have shown that both iris components contain 



Figure 1~ Anatomy of the eye and its anterior uvea. from Abdel
Latif, A.A. 1981. Biochemistry of the iris-ciliary 
body·. ·.In Biochemistry of the Eye. R. E. Anderson, ed. 
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adren~rgic and cholinergic receptors which control their state of con

traction (6). Although none of these reports conflicted with the initial 

findings that mydriasis is produced -lby dilator contraction via alpha~ 

a·d·renergic receptors and that mitosis is produced by sphincter contrac

tion via muscarinic receptors, they did demonstrater the complex nature 

of balance of opposing neural control which directs iris function. 

In higher animals the iris also delineates the division between the 

posterior and anterior chambers of the eye which collectively contain 

the aqueous humor. In porcine, bovine, and primate (].ncluding human) 

eyes the aque-ous humor is formed and secreted by· epithelial structures 

on the ciliary muscle, called ciliary processes. The aqueous humor is 

j secreted into the posterior chamber, passes through the pupil to the 

anterior chamber and then enters the bloodstream through the Canal of 

Schlemm at the corneoscleral angle. In the rabbit, however, the ciliary 

muscle is substantially underdeveloped and the epithelial processes 

responsible for aqueous secretion are located on the posterior surface 

. of the iris, hence are called iridial processes. The. secretion, flow 

and absorption of aqueous humor in the rabbit are otherwise believed to 

be the same as fourid in other mammals. 

B. The Phosphoinositide_Effect in Rabbit Iris Muscle 

The term "phosphoinositide effect" refers to a general phenomenon. 

which describes the increased turnover of the phosphatidylinositol polar 

head groups in response to external stimuli. Specifically, these effects 

involve the breakdown of phosphatidylinositol and triphosphoinositiq~ .:to:· · -· 

1,2 diacylglycerol and inositol phosphate (Fige 2) by the action of their 

respective phosphodiesterases. The phosphatidylinositol can then be 



Figure 2. Probable turnover of phosphoinositides in response to 
activation of muscarinic cholinergic or alpha-adrenergic 
·receptors. Briefly'J the turnover of phosphoinositides in 
response to neurotransmitter-stimulation involves: aj

2 the breakdo~-rn of (poly)PI to DG, b) incorporation of Pi 
in synthesis of PA from DG, c) PI synthesized in.endo
plasmic reticulum from PA, and d) resynthesis of poly PI 
from Pio 
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resynthesized i~ a. two-step synthetic reaction in which the 1,2 diacyl-

glycerol is converted to phosphatidic acid by diacylglycerol kinase, and 

the-q the phosphatidic. acid is converted to phosphatidylinositol. Note 

that the degradative. enzymes are located in the plasma membrane, and 

that the (enzymes responsible ·for phosphatidylinositol synthesis are 

found in the endoplasmic reticulum. 

The pho~phoinositides, in general, and the pathway described above 

have attr.acted considerable interest among neurochemists for a variety 

of reasons. First, although they comprise only a small percentage of 

total membrane phospholipids, the (poly)phosphoinositides are found 

predominantly in the. plasma membrane and have an extremely high rate of 

metabolic turnover, suggesting an important biological role. Second, 

the rate of· phosphoinositide turnover can be a:&fected by a .variety of 

neurotransmitters, neuropeptides and other pharmacological agents 

suggesting a correlation between phosphoinositide metabolism and receptor 

functione Third, the (poly)phosphoinositides have a high affinity for 

C 2+ a , and phosphatidic acid may be i_nvolved in membrane permeability to 

divalent cations~ These observations have led to intensive investigations 

into the metabolism and function of the phosphoinositides. 

In the presence of 32P i the rate of turnover of the phosphatidyl""'! 

inositol head groups can be determined by the monitoring of the incor-

poration of label into phosphatidic acid (PA) and phosphatidylinositol 

(PI), as these compounds are resynthesized. from 1,2 diacylglycerol (DG). 

Hokin and Hokin (7), working with. pancreas slices from pigeon, were the 

32 first to show that in the presence of P., acetylcholine (ACh) caused 
l 

an increase in the labelling of phospholipids~ compared to control 
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values, and further, that this increase correlates with an increase in 

pancreatic amylase secretion. This observation of a phosphoinositide 

effect in pancreas was followed by similar findings in cerebral cortex 

(~), sympathetic ganglia (9), parotid gland (10), thyroid (11), lympho-

cytes (12), and smooth muscle (13, 13a). 

The phosphoinositide effect in rabbit iris smooth muscle has been 

extensively investigated by Abdel-Latif and coworkers (14-17). They 

have observed that the neurotransmitters acetylcholine (ACh) (14) and 

norepinephrine (NE) (15) at 0.05 nil-1 and at short time intervals ( 10 

min) increase significantly the breakdown of triphosphoinositide (TPI) 

and the labelling of PA and PI in rabbit iris muscle which was prelabelled 

32 . 
with P

1
• The ACh-induced PI effect was shown to be blocked by atropine, 

b~t not by d-tubocurarine, while the NE-induced PI effect was inhibited 

by phentolamine, but not by sotalol. Thus the phenomenon appears to be 

associated with muscarinic cholinergic and alpha-adrenergic receptors. 

Furthermore, the PI effect in rabbit iris is dependent on the presence 
,+ 

of CaL in the incubation medium (16). Kinetic studies on dose-PI 

responses and dose-contraction responses suggested a close relationship 

between the biochemical and pharmacological responses (17)~ While the 

PI effect is read·ily demonstrated in. intact iris slices, efforts to 

demonstrate this phenomenon in iris muscle homogenates were unsuccessful. 

This observation is supported by the fact ·that with the exception of 

synaptosomes (18, 19) ther:: is no experimentaL evidence to suggest that 

this phenomenon does occur in a cell-free homogenate. This could be 

interp:reted as follows: (a) the phosphoinositide, effect is coupled to 

2+ muscarinic cholinergic and alpha-adrenergic receptors through Ca ions 
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I 

as was previously suggested (15, 16), and that tissue homogenization 

leads to disruption of this coupling mechanism, or (b) muscarinic and 

alpha-adrenergic receptor properties are altered by the homogenization 

pr.ocess. 
., 

More recently the phosphoinositide effect in rabbit iris has been 

h i h f N. + . dd. . c 2+ (20) s own to requ re t e presence o a ~n a 1t~on to a • The 

requirement for Na+ is specific for that monovalent cation and is neces-

. ..32 
sary to achieve significant basal incorporation of P int~ the phospho-

lipids. On the basis of these findings a scheme incorporating the known 

characteristics of the phosphoinositide effect in the· rabbit iris smooth 

muscle has been proposed (Fig. 3). ·This scheme is large1y representative 

2+ of Ca -dependent phosphoinositide effects, such as that observed in the 

rat parotid, pancreas and liver (for review see 21). Considerable 

controversy still exists regarding the ca2+-dependence of these processes 

2+ 
and .their biochemical function. Ca -independent mechanisms require a 

more direct link between the activated receptor and the enzymes asso-

ciated with PI metabolism because they do not involv:e the action of a· 

second messenger. This link has yet to be identified, and further, it 

remains unclear why. such effects would not be observable in cell-free 

systems. In contrast, Ca2+ serves as the link between the activated 

receptor and the PI metabolic enzymes in ca2+-dependent phosphoinositide 

effects; intracellular ca2+ increases in iris muscle following stimula-

tion by AChor NE (22), and the TPI- and PI- phosphodiesterases required 

2+ for the reaction areCa -dependent (23,24). In a cell-free system the 

second rp.essenge.r system may be lost which would explain the absence of 
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the phosphoinositide effect. The present ~tudy examining the pharmaco

logical characteristics of the receptor populations in the microsomal 

fractions will determine whether alterations in rec.eptor properties 

might·. also be contributing to· the . loss of this phenometion. 

·c." .Neurotransmitter Receptor BindingAssays 

The existence of mechanisms by ~hi~h cells respond to direct external 

stimuli is dependent on the presence of specialized structures on the 

cell surface which can recognize and distinguish these stimuli. These 

receptors must be able to interact specifically with the neurotransmitter, 

neuropeptide, hormone, or pharmacological agent, and then must. translate 

this binding into the appropriate biochemical'response within the cell. 

Historically, studies of this drug-receptor interaction have taken the 

form of dose-res.ponse studies in which a known dosage of a drug is 

administered to the cell or tissue and the resulting biochemical, physical 

or physiological response is quantitated. Typically, dose-response · 

studies were accompanied by dose-inhibition studies where the ability of 

various inhibiting age!lts (antagonists) to interact at· the receptor site 

was measured and compared to·their ability to block the cellular response 

in the presence of a given quantity o£ the active drug (agonist). 

Research in the field of drug receptors has grown considerably in 

the past few .years. The development of new techniques and their applica

tion to drug receptors has provided direct experimental approaches to 

the identification, characterization and isolation of these cellular 

structures. Of principal importance has been the application of direct 

radioligand binding methods and the development of radio-receptor assays 

for a number of drugs. These radioligands generally are agents with a 
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known high affinity for the receptor in question that have been radio

labelled to a. reia_tively high specific radioactivity. Briefly, the 

experimental methodology involves exposing the radiolig~nd to the 

-re;ceptor, either in vivo or in vitro, allowing the system to equilibrate 

and quantitating the interaction between radioligand and receptor. This 

requires two special experimental manipulations: first, a means to 

distinguish between bound and unbound radioligand, which is generally 

accomplished· by filtration, centrifugation,. or dialysis; and second, a 

means to distinguish between radioligand bound at the receptor site and 

radioligand bound at a non-specific site·, which is generally accomplished 

by using a specific antagoniste Radioligand binding assays of this type 

are extremely versatile and have a number of advantages over other 

receptor study techniques. Radioligand binding assays can be performed 

in a comparatively short length of time. The technique is adaptable 

enough to be used with either intact tissue and whole cell preparations 

or with subcellular fractions and membrane preparations in which the 

rece,ptor populations a-re more concentrated. Furthermore, an additional 

advantage of the radioligand binding technique is that a failure in 

receptor function may be reflected by abnprmal radioligand binding (25). 

The extensive· use of radioligand assays in subcellular fractions 

has brought about the need for s·tandardization of the criteria for 

pharmacological characterization of receptors (26). Theoretically, both 

radioligand and pharmacological techniques are capable of estimating 

both agonist and antagonis_t affinities, but only the pharmacological 

method is able to evaluate agonist efficacy in producing the biochemi_~al 

response. Consequently, it is of primary importance that there be a 
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good correlation between agonist and antagonist affinities derived from 

both techniques; only when this criterion is met can the radio ligand 

binding data be confirmed as representing the specific receptor. 

More complex kinetic investigation of radioligand binding is also 

possible, and frequently is necessary· for adequate. receptor characteri-

zation. Association and dissociation rate constants can be obtained and 

used to calculate the equilibrium dissociation constant (~) for radio

ligand-receptor- binding. Saturation binding studies may be used, in 

conjunction with Scatchard plots (27), to confirm the value for KD and · 

additionally obtain an es·timate of ·maximum binding capacity (B .) for · . max 

the preparation. In the event that. the receptor system in question does 

not fit the basic "occupation model" for drug-receptor interactions Hill 

plQt.1?.,. ~~~ .. 4sed to determine the degree and type of cooper a tivi ty. 

1. Muscarinic cholinergic.receptor binding 

The availability of radioligands labelled t-o a high specific 

radioactivity has provided the means for identification and characteriza-

3 tion. of muscarinic cholinergic receptors in ·a variety of tissues. [ H]-

Atropine has been used to study muscarinic binding in the longitudinal 

smooth muscle of guinea pig ileum (28), bovine trachea 1 smooth muscle 

and caudate nucleus (29), and mouse brain (30). The binding of the 

irreversible an1:agonist· [·3H]propylbenzilylcholine mustard has been 

investigated in rat cerebral cortex (31) and in guinea pig ileum (32) • 

.. L\mong these· radioligands the potent cholinergic antagonist [3H]quinucli

dinyl benzilate ([ 3H]QNB) has been most frequently and successfully used 

to characterize muscarinic binding sites in membranes from both central 

(33,34) and peripheral (35-38) nervous sytems. 
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These. studies have shown that the binding.of muscarinic antagonists 

follows simplE! kinetic patterns, suggesting a single cltss of binding 

sites. Inhibition of .binding by other muscarinic drugs· orresponds well 

w:i.th the efficacy of these drugs in dose-response studi s, suggesting 

that. the receptor under study has similar properties wit the biological 

receptor. However, few correlative reports have appea ed comparing 

receptor properties in si.tu and following tissue homogenJ..zation. Gilbert 
. -- I 
et al. (34) have demonstrated pharmacological differences between [3H]QNB 

binding in homogenates and in slices of rat braino Simijlar~y, Ward and 

Young (32) found differences in muscarinic receptor prop rt1es in intact 

intestinal muscle strips and in cell-free homogenates. This report 

_involves the use of· [3H]-l-QNB to investigate any possi, le alterations 

in receptor properties following tissue_homogenization. 

2. Alpha-adrenergic Receptor Binding 

Since the pioneering work of Ahlqu.ist (39) in the late 1940s 

the pharmacological classification of adrenergic receptrrs .has been of 

intense interest. Radioligand binding assays have beer of critical 

significance in discerning the complex nature of alpha-adrenergic recep

tor populations. [
3

H]Epinephirne and [3H]norepinephrine have been used 

to examine alpha-adrenergic receptors in calf brain (40). A labelled 

agonist, [3H]clonidine, has been used in the study of rat brain (41) and 

guinea pig kidney (42) receptors. The binding of the antagonist [3H]-

dihydroergocryptine has been investigated extensively in smooth muscle 

(43-46) and rat brain (47 ,48). Another potent antagonist, [3H]WB-4.101, 

has ~_een recently used to characterize alpha-adrenergic receptors in 

. both central (49,50) and peripheral (51) nervous system sites. 
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The complex kinetic patterns which have arisen from these studies 

have led to controversial analyses of multiple populations of alpha

adrenergic receptors. Greenberg and Snyder (41,48) proposed the exis

~t?:nce of distinct agonist and antagonist states of the alpha receptor to 

explain their findings. Langer (52), who initially postulated the 

existence of multiple alpha receptors, and Lefkowitz et al. (53) proposed 

an alternative designation of alpha
1 

and alpha
2 

receptors. The latter 

alternative has been particularly well accepted in recent years.. The 

characterization of alpha-adrenergic receptors by radioligand binding 

requires. the d·istinction into alpha
1

. or alpha
2 

subtypes on purely pharma

cological grounds. Alpha
1 

receptors have a· high affinity for _prazosin 

relative to !ohimbine, whereas alpha
2 

receptors have a high affinity for 

yohimbine relative to prazosin •. ~ · · 

D. Protein Phosphorylation in the Rabbit Iris Muscle 

It was:· first observed many years ago that certain proteins· contain 

covalently bound phosphorus, and that, as shown by 
32

P-labelling studies, 

there is a rapid turnover of this protein-bound phosphorus. The phos-· 

phorus is bound primarily on the hydroxyl moieties of serine and threo-

nine and is found ubiquitously in biological systems. Interest in these 

. phosphate groups: has led to detailed characterizations of the enzyme 

systems responsible for their metabolism. Three different classes of 

protein kinases have. been distinguished (54) : type a{ kinases which 

phosphorylate histones and other proteins and· are stimulated by cyclic 

adenosine monophosphate (cAMP), type a
2 

kinases which phosphorylate 

histones · and other proteins and are stimulated by cyclic guanosine 

monophosphate (cGMP), and type b kinases which phosphorylate phosvitin 
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and other proteins and are not affected by cyclic nucleotides. Other 

classes of protein kinases may also exist, and many lkinases have been 

described which are specific to a single protein substrate. Similarly, 

a .number of types of protein phosphatases have been investigated includ-

ing casein phosphatases, histone phosphatases, acid and alkaline phospha-

tases, and phosphoserine phosphatase. 

The understanding that the phosphorylation state of cellular proteins 

has a tremendous influence on their biological properties has only more 

recently been appreciated. It is an outgrowth ·of investigations into 

the control of glycogen metabolism and its relationship to cAMP. Follow-

ing the identification of a cAJ."1w!P-stimulated prot~in kinase. and its 

involvement in the control of glycogen metabolism, Kuo and Greengard 

(55) suggested that all effects of cAMP may be mediated through protein 

phosphorylation. It is now widely accepted that protein phosphorylation 

is a major general mechanism by which intracellular events respond to 

external physiological stimuli~ 

A variety of cellular agents can influe.nce the activity of the 

p:tot.ein kinases ana protein phosphatases. The stimulatory effects of 

the cyclic nucleotides in certain cases has already been noted. The 

influence of cations on protein kinase and protein phosphatase activity 

has also been investigated. All three classes of protein kinases require 

2+ 2+ . 
Mg as a cofactor. Ca has. a dramatic inhibitory effect on protein 

kinase activity, particularly involving type b kinases (56,57), while it 

has little effect on phosphatases. 

Since neurotransmitters ultimately affect ionic permeability and/or 

cyclic nucleotide metabolism, it has been postulated .that changes in the 



17 

phosphorylation state of. specific proteins at the synapse may regulate 

changes in the ionic permeabilities of the postsynaptic membrane (5.8). 

Protein kinases, protein kinase substrates and protein phosphatases have 

b.e~n demonstrated in synaptic membrane fractions from rat brain (59). 

Although the relationship rema~ns unclear, if phosphorylation is involved 

in postsynaptic events, then these reactions may be affected by the 

neurotransmitters in vitro. At present the results are somewhat incon-

elusive (60,61). In the present ~tudy the effects of ACh on protein 

phosphorylation in rabbit iris muscle are examined. Phosphorylation is 

investigated in both intact iris muscle, using [32P]orthophosphate as 

the label, and in a microsomal fraction~ using [y32P]ATP as the phosphate 

donor. 

E. ATPase Activ1.ties of Rabb:i.t Iris Smooth Muscle and Iridial 

Processes 

Since the work of Skou in 1957 (62), it has become well established 

+ + 2+ 2+ 2+ . . that the enzymes Na -K -Hg -ATPase and Ca -Mg -ATPase are involved in 

the transport of cations across many types of cell membranes (63,64). 

ATPase activities of microsomes from smooth muscle are, in general, not 

as well defined as they are for microsomes from cardiac and skeletal 

muscle. 
+ + 

Thus most studies of Na -K -ATPase activity from smooth muscle 

report very low specific activity compared to cardiac or skeletal muscle 

preparations (65-68). 

In previous communications from this laboratory, Abdel-Latif et al. 

(14, 16,69) have reported on the acetylcholine-stimulated turnover of 

phosphoinositides in the rabbit iris, which is comprised of iris smooth 

muscle and iridial processes. More recently they suggested that this PI 



18 

+ 2+ effect is probably associated with the Na - and Ca -pump mechanisms 

(20a). Since the enzymes responsible for the transport' of these cations 

have not yet been reported in microsomes from these tissues, we have 

~~vestigated the various ATPase activities in microsomes from both the 

iris smooth muscle and from iridial processes of the rabbit iris. 

Several considerations make the study of ATPase activities in these 

tissues particularly interesting.. First, it has been confirmed in 

+ + . 
several laboratories that aNa -K -ATPase·exists in the ciliary epithe-

lium of the iris-ciliary body and is associated with the production of 

aqueous humor (70-74). Secon~, if neurotransmitters act to increase the 

intracellular cation concentrations, then a mechanism must exist for 

restoring resting state levels. Normal cells maintain low intracellular 

concentrations of both !'"fa+ (in IDL'1 ra~ge) and ca2+ (app.rox. 10-7 M). 

Cation influx into the cell then occurs dqwn its· electrochemical gradient. 

Since cations are able to enter these cells by passive diffusion an 

active transport mechanism must be operative in this tissue to maintain 

these. low intracellular Na + and ca2+ levelse For this reason part of 

the biochemical verification that these mechanisms exist will be the 

identification of active pumps to reduce the ionic concentrations 
) 

increased by the neurotransmitters. Thirdly, the rate of protein phos:-

32 
phorylation is critically dependent on the specific activity of [ P]ATP. 

While true in the intact iris, this is particularly important in studying 

phosphorylation mechanisms in the microsomal system. The study of 

32 
ATPase activities will shed light on the associated hydrolysis of [y P]-

. . . . . . . ..... ~ •' .. 

ATP .. 



MATERIALS AND METHODS 

I. Materials 

A. Radioactive and Non-radioactive Compounds 

3 The 1-isomer of [ H] QNB ( 44 Ci/mmo Le) was obtained from Am.ersham 

and [3H]WB-4101 (25.4 Ci/mmole) was from New England Nuclear (Boston, 

~~ss). Other drugs used in the binding studies included !-epinephrine 

bitartrate (Calbiochem, La Jolla, Cal.), oxotremorine (Aldrich, Milwaukee, 

Wis.), phentolamine (CIBA, Summit, N.J.), and acetylcholine chloride, 

atropine sulfate, eserine salicylate, !-norepinephrine bitartrate, 

dl-propranolol, and d-tubocurarine chloride from Sigma Chemical Co. (St. 

Louis, Mo). Unlabelled dl-QNB was a gift from Roffman-LaRoche (Nutley, 
I 

N.J.). All other chemicals were of reagent grade. 

[32P]Orthophosphate was obtained from New England Nuclear (Boston, 

Mass.) and ( 32P]ATP was from ICN Chemical and Radioisotope Division 

(Irvine, Cal .. ). Electrophoresis grade acrylamide, bis-acrylamide,. 

ammonium persulfate, N,N,N',N'-tetramethylenediamine (TEMED), Coomassie 

brilliant blue, sulfosalicylate, sodium dodecyl sulfate (SDS), and 

2-mercaptoethaiiol were purchased from Bio-Rad Laboratories (Richmond, 

Cal.) •- Agarose,- glycerol, electrophoresis grade glycine, agar~ · 2-5-

diphenyloxazole (PPO), 2,2'-p-phenylene bis (4-methyl-5-phenoxazole) 

(POPOP), ethyleneglycol-bis-(beta-amino-ethyl ether) N, N'-tetraacetic 

acid (EGTA), and ethylenediamine tetraacetic acid (EDTA) were also 

obtained from Sigma Chemical Co. (St. Louis, Mo.). Toluene, methanol," 

Triton X-100, glacial acetic acid~ and hydrogen peroxide were purchased 

19 
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from Fisher Scientific Co. (Pittsburgh, Penn.). PEI-Cellulose F pre·

coated TLC sheets were purchased from E. Merck (Darmstadt, W. Ger.). 

The protein molecular weight standards were a set obtained from Bethesda 

R;~search Laboratories, Ltd. (Rockville, Mary.). High molecular weight 

acrylamide was the kind gift of Dr. Lon D. Hodge. Synthetic adrenocor

ticotropic hormone (ACTH
1

_
24

) was kindly provided by Dr. W. H. Gispen. 

B. Animals 

Albino rabbit eyes were obtained either from a near:by slaughter

house or from Pel-Freez Biologicals, Inc. (Rogers, Ark.)e The eyes were 

remo.ved shortly af·ter killing and were transported to the laboratory 

packed in ice. Receptor binding, ATPase activities and protein phos

phorylation patterns from the two tissue sources were indis.tinguishable. 

II. Methods 

A. Preparation of Microsomal Fractions 

Methods of homogenization, subcellular fractionation and monitoring 

of the purity of the preparations by means of electron microscopy and 

enzyme markers were essentially as was previously reported (75). Briefly, 

the rabbit irides (approx. 4 g wet wt.) were rinsed with ice cold saline 

{pH 7··.4). The muscle strips were blotted and immersed into chilled 0.25 

M sucrose (pH 7. 4) , then minced with scissors. The minced tissue was 

then suspended in 10 volumes 0.25 M sucrose with 50 mM Tris-HCl (pH 7.4) 

and homogenized for 4 x 30 seconds using a Super Dispac Tissumizer Model 

SDT-182 (Tekmar Co.) at 2/3 maximum speed. The homogenate was filtered 

through two layers of cheesecloth, and the filtrate centrifuged at 

1,200 g for 10 min at 4°. The resultant supernatant was spun at 10,000 g 
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for 30 min t~ pellet a mitochondrial fraction. The supernatant obtain~d 

was then centrifuged at 100,000 g for 90 min to sediment the microsomal 

fraction. This microsomal pellet was suspended in the appropriate 

buffer and divided into aliquots for storage at -20°C. These aliquots 

were rehomogenized in a glass homogenizer, diluted and used in the 

assays individually. Electronmicroscopic examination of the microsomal 

pellet revealed a homogenous preparation of membranes similar to that 

described in an earlier report (75)e 

B. 
3 J, 

Binding of [ H]QNB and [ H]WB-4101 to Microsomal Fractions 

3 3 
The method used to study the binding of [ H]QNB and [ H]WB-4101 was 

a modification of the method of Yamamura and Snyder (33~35). In brief, 

the standard binding assay was performed in 0. 5 ml of 50 mM sodium 

·phosphate buffer (pH 7 .4) containing approximately 50 lJg -of microsomal 

protein and the labelled ligand. A second set was also prepared contain-

ing in addition an excess of competitor, 5 lJM atropine or 100 11M phentol-

amine, for determining specific binding. Other additions were made as 

indicated. The binding react·ion was initiated upon addition of the 

protein, and incubations were allowed to proceed for 1 hour at 37°C for 

the cholinergic experiments and for 1 hour at 25°C for the adrenergic 

experiments in a shaking water bath. Incubations were terminated with 

the addition of 2.5 ml sodium phosphate buffer, followed by rapid fil-

- tration of the. mixture through Whatman GF /C glass fiber filters., Each 

filter was washed 3 times with 2.5 ml buffer then air-dried in scintilla-

tion vials. Eight. ml· scintillation f].uid (1000 ml toluene, 150 .. mg 

POPOP, and 4 g PPO} v1as added to the vials and the radioactivity retained 
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on the·· filters was deter:mi.ned by a .Beckman model LS-230 liquid scintilla-

tion counter. Each vial was cou!lt~d .. for 5 minutes, and corrections for 

quenching were made by a quench cutye prepared by channel ra tics. 

3 . 3 
S;p_ecific receptor binding of [ H] QNB or [ H]WB-4101 is defined as the 

difference between the total binding' of the radioligands. and the non-

specific binding observed in the .presence of 5 ~M a tropine or ,100 ll M 

phento !amine .• 

c. Binding of [3H]QNB and [ 3H]WB-4101 to Iris Slices 

Binding studies using the slices were performed with irides which 

were frozen intact at -20°C. . No discernible differences tvere observed 

. between experiments .run with frozen and fresh tissues. The standard 

binding assay was essentially the same as described for the microsomal 

fraction, except that for cholinergic binding the final incubation 

volume was 2.5 ml inst·ead of 0.5 ml. The incubation medium contained 

15-20 mg wet weight of mu~cle (half of the total i,ris)' the radioligand" 

and other additions as indicated. After filtration and washing, the 

tissue. was placed in a scintillation vial, air-dried and weighed. The 

tissue was then digested_with 30% H
2
o

2 
at 65°C and·the as~ dissolved in 

0.1 ml distilled water. Ten ml scintillation fluid (600 ml toluene, 300 

ml Triton X-100, 5 gm PPO, 100 mg POPOP) was added and the sample allowed 

to stand overnight before counting. 

In both the microsomal and iris slice experiments the reaction 

components were adjusted such that the amount of radioligand bound was 

never more than 10% of the KD value for ligand-receptor binding.- This 

ensures that the initial radioligand concentration does not decrease 

more· than·· 10% during equilibration. Aliquots of incubation media with-
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drawn from the tissue both immediately prior to filtration and after 

filtration have confirmed that final radioligand concentration was 

greater than 90% of initial levels. Under these experimental conditions, 

the ordinate value of F (free radioligand following equilibration) is 

equal to the abscissa value of F (total free radioligand added ptior to 

equilibration) in Scatchard analysis, thereby simplifying data analysis. 

All experiments were run in quadruplicate. 

D. Statistical Analysis of Binding Data 

Typical saturation binding experiments were subjected to data 

analysis according to the method of Scatchard (27). Beet-fit lines were 

calculated by linear regression analysis from Scatchard plots of the line 

B/F vs. B 

where B equals pmoles specific radioactivity bound per mg protein and F 

equals· the free radioligand concentration. The_negative reciprocal of 

the slope of that line represents the apparent equilibrium dis so-

ciation constant (KD); the x-intercept represents an estimate of the 

maximum, specific. radio ligand binding capacity of the preparation under 

study (B ). Indication of any cooperativity of binding is obtained max 

from a Hill plot of the saturation binding data. The Hill plot consists 

of the regression line 

log [B/(B -B)] vs. log (radioligand concentration) max 

where, B equals radio ligand bound and B equals maximum radio ligand 
max 

bound (from, the Scatchard plot); a slope .of unity is indicative of non-

cooperative.interaction. 
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Dissociation rate ~onstants (K_1) were obtained from dissociation 

experiments where specific binding was plotted against time of disso-

ciation. The value K_
1 

is then calculated from the equation 

K_
1 

= -(2.303) m 

where m is the slope of the line 

log (radioligand bound) vs. time of. dissociation 

·Association rate constants (K
1

) were calculated from experiments investi

gating radiolig~nd bound against time of association. The value K
1 

was 

obtained from the equation 

Kl = (k b - K 1) I [L] 
0 s • -

where [L] is the radioligand concentration, K_1 is the dissociation rate 

constant, and k b is the observed rate constant derived from the slope 
0 s 

of the line 

ln [B I (B - B )] vs. time of association 
eq eq t 

where B is radioligand bound at· equilibrium and B is the radioligand 
eq t 

bound at time t·. 

Inhibition constants (KI) were calculated for a variety of competi

tors in competition experiments where· various competitor concentrations 

were used to inhibit binding of a constant radioligand concentration·. 

The values of KI were.then obtained from the relation 
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where. rc50 is the concentration of competitor which blocks 50% of radio

ligand binding, L is the radioligand concentration used, and ~ is the 

equilibrium dissociation constant derived from Scatchard analysis. 

E. Protein Phosphorylation Assays 

The studies of protein phosphorylation in the intact rabbit iris 

were performed in an isosmotic Bradfo·rd medium. The comp.osition of this 

medium was· as follows: 110 mM NaCl, 5 mM KC1, 1.2 mM KH
2

Po
4

, 1.3 mM 

MgC1
2

, 26 mM Tris, 0.75 mM CaC1
2

, and 10 mM glucose. The· medium was 

adjusted to pH 7.4 with 0.1 N HCl. In studies examining the effects of 

Na+, the cation was replaced with 2x sucrose to maintain constant osmo-

larity. Irides were removed and .stored in groups of eight in 4 mls of 

+ ·+ 
Bradford medium, or Na -free Bradford in the Na studies, prior to use. 

The irides were then transferred to tubes containing 4 ml of isosmotic 

Bradford, which is adjusted to the proper experimental conditions and 

contains 32P. (50 llCi/ml) •. Preincubation was continued for 30 min in a 
~ 

shaking water bath at 37°C with periodic on bubblingB Follqwing preincu-
L. . 

bation the neurotransmitter was added to reach a final concentrat~on of 

100 llM; an equal volume of buffer was added to controls. Incubation was 

continued under the same conditions for 30 min. Following incubation 

the irides were washed with ice-cold unlabelled Bradfo.rd mec;lium, blotted, 

and prepared for isolation of the microsomal fraction. Microsomes were 

-
prepared as indicated above, and then the membrane proteins were 

separated· by vertical polyacrylamide slab gel electrophoresis. 

The_ st·udies of protein phosphorylation in microsomal fractions 

using [y 32 P]ATP were p~rformed in 50 mM imidazole buffer adjusted to 

pH 6.5 with 0.1 N HCl. The microsomal fraction was prepared from fresh 
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irides and was suspended in 50 mM imidazole at a concentration of 50 ~g/ 

.39111. Aliquots of microsomal protein were preincubated in the presence 

of the appropriate ionic composition with or without neurotransmitter 

f.o! 2 min at room temperature. The reaction was initiated with the 

addition of ATP to a final concentration of 200 11M conta-ining [y 32P]ATP 

(20 llCi/sample) and was continued for the time indicated~ generally 1 min, 

at room temperature. Final volume was always 50 111. The phosphoryla

tion. reaction was terminated with the addition of 25 111 of a stop solu

tion containing 20% glycerol, 10 mM 2-mercaptoethanol, 125 1Ill.'1 Tris/HCl 

(pH 6.8) ,. and 6% SDS. ..The samples were then immediately placed in 

boiling water for 2 min to ensure complete termination. The proteins 

were then separated by vertical polyacrylamide slab gel electrophoresis. 

F. Vertical Polyacrylamide Slab Gel Electrophoresis 

Polyacrylamide slab gel electrophoresis in the presence of SDS was 

performed using· a modification of the method of Maizel (76). The lower 

(resolving) gel (12 em x 15 em x 1.5 em) contained 37.5 m1'1 Tris/HCl 

(pH 8.8), 0 •. 1% SDS, and a linear 6%;...20% gradient of acrylamide (37.5:1 

acrylamide:bis acrylamide ratio). The resolving gel also contained a 

0%-0.1% gradient of high molecular weight acrylamide (MW > 5,000,000) to 

help prevent gel cracking during drying •. · The stacking gel (3 em .in 

height) contained 3% acrylamide, 0.08% bis ac:i:'ylamide, 0.1% SDS, and 

37.5 mM Tris/HCl (pH 6.8). Both gels were chemically polymerized, over 

a period of 60 min, with the addition of 0.03% ammonium persulfate and 

0.03% TEMED. The ·gel was placed in an electrophoresis apparatus (Depart-

ment of Biomedical Engineering, Medical College of Georgia) such that ii 
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was in contact with_ upper and lower running buffers containing 0.1 M 

Tris, 0.75 M glycine, and 0.08% SDS. Samples containing 50 ~g microsomal 

protein (50-80 ~1) were loaded ontp the gel. The gels were run at 200 V 

(.4.0 mA) for 10 hours at constant temperature in the cold room, until the 

tracking dye had migrated to the bottom of the get. The resolving gel 

was then stained for protein by a three-step process. First, the gel 

was fixed for approximately 4 hrs with agitation iri a solution containing 

30% methanol, 3.45% su.lfosalicylate, and 11.5% tri~hloroacetic acid 

(TCA). Second, the gel was stained for 1 hr with agitation in a solution 

containing 50% methanol, -7% glacial acetic acid, and 0.1% Coomassie 

brilliant blue. Third, the gel was destained until completion (1-2 

days) with agitation in a solution containing 30% methanol and 7% glacial 

acetic· acid. The prepared gel was then dried under vacuum on Whatman .. 
No. l filter paper. The dried gel was then exposed to Kodak Royal 

X-Omat film in a cassette equipped. with DuPont Cronex enhancers, gene-

rally from 1 to 5 days. Following autoradiography, the bands of interest 

were cut from the dried gel and counted in 8 mls- of scintillation fluid- · 

containing 0.015% POPOP and 0.4% PPO in toluene. 

The molecular weight of the proteins of interest was estimated by 

- comparing the:lr mobilities in the SDS gel with the mobilities of mole-

cular weight standards run in the same gel. A standard curve was used 

which plotted log (molecular weight) vs. the distance migrated. The 

preparation of molecular weight standards contained myosin (200,000), 

phosphorylase b (92,500), bovine serum albumin (68,000), ovalbumin 

(43,000), a~pha-chymotrypsinogen (25,700), beta-lactoglobulin (18,400), 

--
and cytochrome c (12,300). 
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G. ATPase Assays 

Iridial processes were isolated by gently scraping the iris with a 

Gill corneal knife. The effectiveness of this separation was monitored 

v;i_sually using a Bausch & Lomb StereoZoom microscope. Subcellular 

fractions from the isolated iridial processes and the iris muscles were 

then prepared according to the techniques described above. 

After preliminary. studies, the following assay systems for Mg 2
+-

2+ ' + + -ATPase, Ca -ATPase, Na -K -ATPase, and Hco
3 

-ATPase.were adopted. For 

determination of Mg 2+-A'l'Pase activity ·in subcellular fractions of iridial 

processes and iris muscle, about 50-100 llg proteins of these fractions 

were preincu~ated in~ a medium containing 1•0 1Ill.'1 MgC1
2

, 50 mM Tris/HCl 

buffer (pH 7.4), 0.1 mM ouabain, and 0.5 mM EGTA for 10 min at 37°C in a 

shaking water bath. The reaction was init}.ated by the addition of 1 mM 

Tris-ATP to a final volume of 1 ml, and incubation was continued for 

15 min. At the end of incubation, 1 ml of ice-cold _10% TCA was added 

and the released P. was determined in the supernatant according to the 
1 

method of LeBel et al •. (77). All samples were run in either duplicate 

or triplicat·e and rates. were adjusted_ according to control samples run 

in the absence of the appropriate ion. Optimal assay conditions, includ-

ingpH, temperature, and ion concentrations, were determined in prelimi-

nary experiments. All assays were conducted under conditions in which 

the rate of ATP hydrolysis was linear with respect to time and protein 

concentration. 

+ + 
Na -K -ATPase activity is defined as the difference b~t~ee~ total 

. .... . ..... , ~ .. · 

ATPase activity, ·measured in th~ presence of 1. 0 _lllM Mgci
2
., · 10 mM N~C~,_· 

.. 2+ 
and 2 Illl.'1 KCl, and Mg -ATPase activity. 

. ·. . ... 

Tinder these conditions the 
.. .. 



+ 
difference between ATPase activity in the pre~ence and absence of. Na 

+ and K was. always found to be equal to the ouabain ( 0 .1 mM) -sensitive 

component of total ATPase. ca2+ -ATPase activity is defined as ATP 
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hydrolysis observed in the presence of 1 mM Tris-TP, 0.1 mM ouabain, and 

2.0 mM CaC1
2

• HC0
3

- -ATPase is defined as the dlfference between ATP 
\ 

hydrolysis in the presence of 1 mM Tris-ATP, 0.5 mM EGTA, 0.1 mM ouabain, 

and 1.0 mM MgC1
2

, and ATP hydrolysis in the ·same medium containing in 

addition 25 mM HC0
3
-. All;Hco

3
--ATPase studies were performed at pH 

8.4 •. 

Data are- ~eported a~ specific activities which are defined-as moles 

P. released per mg pr-otein per hr. 
J. 

H. 32 
Uptake of pi and Incorporation into ATP 

+ J 32 
rabbit iris The effects of Na and ACh on the uptake of -- P. into 

J. 

and its incorporation into ATP were performed in complete Bradford 

medium· ·(pH 7. 2). _ Irides were· removed and placed into tubes- containing -

1 ml of Bradford medium-with or without Na+ (replaced by 2x _sucrose) and 

i 32 
containing 20 lJCi Pi. One iris was added p·er ,tube- and was allowed, to 

preequilibrate with 32p. for 30. min at 37°C in a shaking-. water bath with 
J. 

periodic o
2

_ bubbling. Following preincubation, the reaction was ini

- tiated- _with the addition of ACh (25 l.ll)- to a final concentration of 

100 lJM, with- 100 lJM eserine. The reaction was continued under the same 

conditions for the desired interval (0.5-60 min). Incubation was ter-

minated by filtration and washing with 5 ml ice-cold Bradford solution 

_(without P0
4
). The irides were then transferred to tubes containing 

1 ml ice-cold 5% TCA and were frozen at -20°C. All 
32

P and [
32

P]ATP 
i 

were then extracted ·from the irides individually. 
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The extraction procedure began with the homogenization of the iris 

in 5% TCA. The homogenate was centrifuged, after which the pellet was 

washed with 5% TCA, ·recentrifuged, and the TCA supernatants were combined. 

'l;'h;e TCA was extracted by repeated washing with 2 volumes {4 ml) diethyl 

ether until the resulting aqueous phase was only slightly acid to litmus. 

The nucleotide phosphate was then adsorbed with the addition of 10 mg 

activated charcoal to each tube followed by vigorous shaking for 1 hr. 

The _charcoal suspension was then centrifuged to pellet. the charcoal. 

32 The resultant supernatant was stored and later used to count for p .• 
J. 

The nucleotide phosphate T.Nas extracted from the· charcoal using a sequence 

of washes in 1 ml 15% aqueous pyridine. The pyridine washes were col-

lected and then, lyophilized overnight. The residue was suspended in 

100 ~1 H20 and spotted on a PEI cellulose acetate sheet for separation 

of nucleotides. Separation was achieved with a thin-layer chromatography 

technique involving three solvent runs: first, for 10 min in ·methanol; 

second\) for 5 min in methanol; and third, until completion (approximately 

2 hr) -in 0.75 M sodium phosphate buffer (pH 4.0). The dried chromato-

graphs were then exposed overnight to Kodak Royal X-Omat film for auto-

radiography. The spots were then scraped and counted in 8 ml scintilla-

tion fluid. Aliquots (50 pl) of the charcoal supernatant were air-dried 

and- then counted in 8 ml scintillation fluid.· Aliquots of the charcoal 

supernatants spotted on cellulose acetate and then chromatographed 

showed no evidence of contamination by nucleotide phosphate. 

Chromatographic separation of the various adenosine phosphates was 

confirmed with the running of known standards and visualization under 

, ultraviolet. 
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I. Phosphate Assay 

Phosphate .. was determined according to the method of LeBel (77). 

J. Protein Determination 

Protein in iris microsomes was assayed according to the method of 

Lowry et al. (78) using bovine serum· albumin as a standard. 



RESULTS 

Ie Neurotransmitt-er Receptor Binding Assays 

A. [3H]QNB Binding to Microsomal Fractions 

In preliminary experiments on [3H] QNB binding to the crude nuclear 

supernatant and the various subcellular fractions of the rabbit iris it 

was ob'served that the microsomal fraction contains the highest receptor 

site concentrations. Consequently, the microsomal fraction, which 

contains fragments of the plasma membrane, was employed throughout the 

present study. 

3 [ H] QNB shows two distinct components of its interaction with 

membrane fragments. The first, non-specific binding, is not displaceable 

with excess unlabelled atropine and increases linearly with QNB concen-

tratioil. The second component, specific binding, is readily displaceable 

with atropine and is characterized by -high affinity, a low number of 

binding sites; and saturation with increasing radioligand con~entration 

(Fig. 4). As estimated- from saturation- binding experiments, half-maximal 

saturation occurs at less than 0.1 nM and involves approximately 1.2 

pmole binding sites/mg protein. The binding of [3H]QNB is overwhelmingly 

specific· in the_ concentration range studied with greater than 90%. bound 

specifically at 0.1 nM. Scatchard analysis (27) of the binding data 

gives a ·straigh~ line (Fig. 4), thus indicating a single class of ligand

receptor sites. The apparent KD for specific [3H]QNB binding is 0.069 riM 

and the apparent maximum number of binding sites (Bmax) is 1.33 pmole/mg. 

J2 



Figure 4. Specific binding of [3H]'QNB to. rabpit iris muscle micros
som~l fraction as a func·tion of , ligand concentrati·on.· 
Inset: Scatchard lot of s ecific bindin data. Micro
som~l fractions from rabbit iris muscle about 50 11g) 
were incub3ted for 1 hr at 37°C.with various concentra
tions of [ H]QNB in a final voLume of 0.5 ml. Non- · 
specific binding was measured by arl.dition of 5 11M atropine. 
Specific binding was determined as the difference between 
the total and non-specific binding at each concentration. 
Valu.es represent the means of 6-12 determinations. 

._/ 
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Hill plots of saturation binding data give a ·straight line wtth a slope 

of 0.89, closely approximating 1.0, thus indicating no cooperativity is 

involved in QNB binding. 

Kinetic investigation of specific [3H]QNB binding showed a rapid_ 

" rate of association at 37°C. Half-maximal binding occurred at approxi-

mat ely 1 min with complete saturation achieved within 10 min. Non-

specific bind-ing showed no time dependence. The first-order association 

constant, kobs' was calculated and used to determine the value for- K
1 

of 

0.14 x 109 M-1min -l. The reversibility of [3H]QNB binding was readily 

demonstrable in dissociation experiments. In the presence of excess 

unlabelled atropine, bound [3H]QNB dissociated steadily with time; the 

t 1 for dissociation is 82 min. This first-order reaction occurs at a 
~ 

-2 -1 
rate, K_

1
, of 0.85 x 10 min • ~kinetic value for KD, calculated from 

the K_
1

/K
1 

ratio, is 0~06.1 nM·, which is in excellent agreement with the 

value derived from Scatchard analysis (Fig. 4)o 

B. [3H]QNB Binding to Iris Huscle Slices 

Most studies which have been done with radioligands have involved 

the use of cell-free prepa.rations, obtained by vigorous homogenization 

of tissues.. Thus it was of interest to show whether the binding charac-

teristics measured in intact muscle strips differ significantly f-rom 

those measured in the membrane fragments (Fig. 4)• Employing the same 

methodology, [3H]QNB binding to intact iris was investigated (Fig. 5). 

Specific b-inding was saturable with increasing radioligand concentration 

.with half-maximal saturation at 1.,0 nM. Non-specific binding was linear 

over the concentration range studied, hm~ever, the amount of non-specific 

binding in the intact muscle experiments was substantially higher.than 



Figure 5. .Specific binding of. [ 3H]QNB to rabbit iris muscle slices 
as a function of ligand concentration. Inset: Scatchard 
plot of specific binding data. Slices of rabbit ~r1s 
_mll.scle (about 20 mg wet wt) ·were incu~ated for 1 hr at 
37°C with ·various concentrations of [ H]QNB in a final 
volume of 2.5 mi. Non~specific binding was measured by 
addition of 5 ~ atropine. Specific binding was deter
mined as the difference between total and non-specific 
binding at each concentration. Values represent the 
means of 6-12 determinations. 
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was observed in the microsomal fraction. Scatchard analysis of the 

saturation data (Fig. 5) again gave a straight line, thus indicating a 

single population of binding sites.'· KD for [
3

H]QNB binding is 1.97 nM 

with an estimated number of binding sites of 1.17 pmole/mg dry weight. 

Hill plots of saturation binding experiments gave a straight line with a 

slope of 0.84, reasonably close to 1.0, which indicates that no coopera

tivity is.involved in the [ 3H]QNB binding. 

Kinetic analysis . of [3H]QNB binding in the intact iris muscle 

showed a similar pat tern of satu-rable, time-dependent as so cia tion of 

specific binding and time-independent non-specific binding. Half-maximal 

binding occurred at 15 min· with complete saturation not evident until 

after 60 min. The first-order rate constant, k b , was calculated and 
0 s 

found to yield a K
1 

of 1.88 x 10
7 

H-
1
min - 1 • The rate df dissociation 

-2 -1 
followed a first-order pattern with a K of 1.12 x 10 min The 

-1 

kinetic KD, calculated from the K_
1

/K
1 

ratio, is 0.60 nM. This value is 

substantially less than the 1.97 riM predicted from Scatchard analysiso 

c. Inhibition of [~H]QNB Binding in the Microsomal Fraction and 

Iris Slices by Muscarinic Dru~ 

Four cholinergic drugs were tested in intact iris and. in membrane 

fragments for their ability to inhibit specific [3H]QNB binding. Each 

drug was tested at several concentrations, and rc
50 

values were calcu

lated from the dose-inhibition curves; subsequently, K
1 

values were 

calculated (Table 1). The K
1 

values for each drug tested· were higher in ... 

slices than in microsomes. At 5 ~M concentrations, d-tubocu~~rine~· 

propran9lol, and bovine serum albumin had no effect on [ 3H]QNB b.inding. 



Table 1 .• Comparison of inhibition of [3H]QNB binding in micros·omal 
fractions and intact iris slices by muscarinic drugs 

1~50 and K
1 

values for 

inhibition of [
3

H]QNB binding (nm) Ratio 

No. of Slices/ 
Drug experiments Jvlicrosomes Slices microsomes 

IC50 KI IC50 KI -
Atropine 4' 1.2 ~0.34 14.6 9.67 28.4 

Acetylcholine 4 983 281 5330 3530 ·" 12.6 
(+ eserine) 

Oxotremorine 4 524 149' 35360 23420 157.2 

dl-QNB 4 8.2 2.46 6.92 4.58 1.86 

*Cholinergic drugs we;re tested for their ability to inhibit specific [3H]QNB binding in slices or 
membrane fragments of iris muscle. Radioligand con3entration for membranes ·studies was 0.1 riM 
(except ~n the d1-QNB experiments in which 0.5 nM [ H]QNB was used), and in the slice experiments 
l.O nM [ H]QNB was used. Each drug was tested at several concentrations and IC values were 
calculated from the dose-inhibition curves. K1 values were calculated as descr~Red in Methods. 
Results are means for the number of experiments indic~ted. 

W> 
-...!. 
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D. Binding. of [3H]WB-4101 to Microsomal Fractions 

Binding of [3H]WB-4101 to (0.1-50 nM) to the microsomal fraction 

clearly shows specific and non-specific binding. Non-specific binding 

ip~reases linearly with concentration and is not displaced by the addi-

tion of 100 11M phentolamine. ·Specific binding is displaced by the 

addition of phentolamine and exhibits an unusual saturation curve (Fig. 

6), similar to that observed by Davis et al. (49) on binding of [3H]WB-

4101 to rat cerebral cortical membranes, when examined over a wide 

concentration range of the radioligand. Scatchard analysis of . this 

saturation curve reveals two separate populations of [3H]WB-4101 binding 

sites, one high affinity and one. low affinity (Fig. 6). The high affinity 

site has a KD of 2.33 nM with 0.73 pmole binding sites/mg protein." The 

low affinity site has a K
0 

of 55.6 nM and involves 4.56 pmole binding 

sites/mg protein. A Hill plot of [3H]WB-4101 saturation data is linear 

with a Hill coefficient of 0. 71, which may indicate either negative 

cooperativity of binding or the presence _of multiple classes of binding 

sit~s. 

E. Inhibition of [3H]WB-4101 Binding to ~icrosomal Fractions by 

Adrenergic .Drugs 

Four adrenergic drugs were tested in membrane fragments for their 

ability to inhibit specific [3H]WB-4101 binding. Each drug was tested 

at several concentrations and rc50 values were calculated from the 

dose-inhibition curves; subsequently, K1 values were calculated (Table 

2). Phenoxybenzamine, phentolamine, epinephrine, and norepinephrine 

effectively displaced [
3

H]WB-410l binding in the concentration ranges 



Figure 6. Spec.ific binding of [3H]WB-4101 .to rabbit iris muscle 
microsomal fraction as a function of ligand concentration. ' 
Inset: Scatchard lot of specific bindin data. Micro
somal fractions rom rabbit iris muscle 50-10 mg) were 
i~cubated for 1 hr at 37°C with various concentrations of 
[ H]WB-4101 in a final volume of 0.5 ml. Non-specific 
binding was measured by addition of 100 11M phentolamine. 
Specific binding was determined as the difference between 
total and non-specific binding at each concentration. 
Values represent the means of 6-12 determinations. 
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Ta}>le 2. 

Drug 

Phenoxy benz amine 

Phentolamine 

Epinephrine 

Norepinephrine 

Inhibition of [
3H]WB-4101 binding in nrlcrosomal 

fractions by adrenergic dru~s 

No. of 
experiments 

4 

4 

4 

4 

rc
50 

and K
1 

values for 

inhibition of [3H]WB-410l binding (nM) 

IC50 KI 

21.3 14.7' 

26.1 18.0 

480 331 

4880 3366 

*Adrenergic drugs were t~sted for their ability to inhibit specific [3H]WB-4101 binding in membrane 
fragments with 0.5 nM [· H]WB-4101. Each drugs was tested at several concentrations and rc

50 
values 

were calculated from the dose-inhibition curves. K
1 

values were calculated as described in Methods. 
Results are means for the number of experiments ind1cated. 

.p.. 
0 
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examined, and in general, the antagonists were more potent than the 

agonists (Table 2). 

F. Binding of [
3

H]WB-4101 to Iris Muscle Slices 

Binding of [
3

H]WB-4101 to iris slices clearly shows specific and 

non-specific binding. Non-specific binding increases linearly with 

concentration and is not displaced by 100 1.1 M phentolamine. Specific 

binding is -reversed by the addition of phentolamine, and again, as with 

the microsomal fraction (Fig. 6), exhibits an unusual saturation curve 

when examined over. a wide concentration range of the radioligand (Fig, 

7). Scatchard analysis of this saturation curve reveals two separate 

populations of [
3

HHVB-4101 binding sites, one high affinity and the 

other low affinity (Fig. 7). The high affinity site has a KD of 10.19. riM 

and involves approximately-0.41 pmole binding sites/mg dry weight. The 

low affinity site has a KD of 57.5 ru~ and a total of 1.25 pmole binding 

sites/mg dry weight. A Hill plot of [
3

H]WB-4101 saturation data is 

linear, with a Hill coefficient of Oe86. 

II. Protein Phosphorylation in the Rabbit Iris 

A. Protein Phosphorylation with 
32

P. in Intact Rabbit Iris 
]. 

Preliminary studies indicated that 
32

P 
1 

uptake into the intact 

rabbit iris is time-dependent and· reaches saturation levels in 30-60 

min. Further, this uptake and the subsequent incorporation into r32 .P]ATP 

.I. 

and phosphoproteins were markedly dependent on the presence of Na · in 

the medium. Consequently, all experiments involved a 30 min prelabelling 

interval in ~he presence + of Na , unless otherwise indicated., 



Figure 7. Specific binding of [3H]WB-4101 to rabbit ~r~s muscle 
slices as a function of ligand concentration •. Inset: 

···· .... _.,. .. 

Scatchard plot of specific binding data. Slices of rabbit 
iris muscle (about 20 mg wet wt) were in§ubated for 1 hr 

· at 37°C with various concentrations of [ H]WB-4101 in a 
final volume of 0.5 ml. Non-specific binding was measured 
by addition of 100 11M phentolamine. Specific binding was 
determined as the difference -between total and non-specific 
binding at each concentration. Values represent the means 
of 6-12.-determinations. 
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Further studies demonstrated· that under these c_onditions 100 11M 

carbamylcholine (CCh) was able to increase the specific ·activities 

(CPM/llg) of total proteins in the microsomal fraction (Table 3). This 

ip~rease, from 8%-36%, was more significant at short time intervals (5 

min) than at long time intervals (90 min) following prelabelling. These 

increases could be attributed to changes in the specific activities of 

proteins because the microsomal preparations were extracted with diethyl 

ether to remove any labelled phospholipid. Efforts to demonstrate the 

effect of CCh on individual phophoproteins were unsuccessful. Although 

15-20 individual proteins were significantly labelled in the microsomal 

fraction, the labelling patterns did not appear to be ~ubstantially 

altered by CCh (see Figa 8 below). 

The labelling of phosp~oproteins was also profoundly influenced by 

+ 
the presence of Na in the incubation medium (Table 3). In the absence 

+ -
of Na , phosphoprotein labelling was only 6% of its maximum value. 

Labelling increased with increases 
+ 

in medium Na concentration and 

+ + 
reached maximum level~ at 25-110 mM Na ~ The requirement for Na was 

somewhat specific for the _ion; ammonium ion and choline did not stimulate . 

protein phosphorylat~on, whereas. Li+ had a slight effect. These obser-

vations were_ readily confirmed following protein separation by electro-

phoresis (Fig. 8). The autoradiographs of these gels showed almost no 

incorporation of 32P into any protein bands in the absence of Na + ~ 
+ substantial labelling with Na , and a greatly reduced labelling when 

equimolar Li+ was substituted for Na+. These alterations of monovalent 

cations appear to affect the phosphorylation of all protein bands equally. 



. + l 32 
Table 3. Effects of Carbachol and Na on the incorporation of pi 

into total microsomal proteins of the rabbit iris smooth muscle 

Specific Activities 
Time of 

+ (CPM/1Jg protein) 
Experiment incubation Na Control Carbachol 

(min) (mM) 

Ao Effect of CCh o· 110 534 725 
(.100 11M) in th~ 5 110 1038 1407 
presence of Na 15 110 1258 1619 

30 110 1608 2068 
60 110 2367 2610 
90 110 3131 3373 

B. + Effect of Na in 30 0 126 99 
the presence and 30 5 737 " 678 
absence of .100 11M 30 10 1462 1659 
CCh 30 25 1885 2258 

30 50 2226 2691 
30 r 110 1990 2074 

Percent 
of control 

135.5 
128.7 
128.5 
110.2 
L07.7 

79 .. 2 
91 .. 9 

113.4 
119.8 
120.9 
104.2 

..p.. 
-P::-



Figure 8·. 
+ . + . 32 

Effect of Na and Li on the incorporation of P; into 
phosphoproteins of the rabbit iris muscle. Irides were 
labelled with 50 ~Ci 32p fml for 30 min with the indi
cated ion composition.• *icrosomes were prepared and the 
p,roteins were separated by SDS-PAGE. · The dried gel was 
exposed to x~ray film to produce this autoradiograph. 
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B. Protein Phosphorylation with [y 32P]ATP in Rabbit Iris Microsomes 

The short time interval (usually 60 sec) phosphorylation of micro

somal proteins with [Y32P]ATP was always performed using microsomes 

prepared from fresh irides; the use of fresh tissue gave a more consis- ·· 

tent response. Preliminary experiments using 10.5 l1 Ci [ y32P]ATP in 

20 11M unlabelled ATP showed that, following a peak at 30 sec, ·total 

protein phosphorylation declined rapidly. Later experiments employed 

20 11Ci (y 32P]ATP in 200 11M unlabelled ATP to ensure that the ATP was not 

completely hydrolyzed during the incubation period. Under the latter 

conditions 15-20 proteins were labelled in a time-dependent manne·r with 

maximum labelling found at 60-120 sec. Subsequent experiments used 60 

sec as the standard incubation interval. 

1. The effect of ACh (50 ~M) on the phosphoEYlation of micro

somal proteins with [y
32 P]ATP 

Acetylcholine (50 l.IM), with 50 11M eserine, had no effect on 

microsomal protein phosphorylation. Time course studies examining ACh 

effects at a wide range of time intervals were not significantly differ-

ent with or without the neurotransmitter (Fig. 9). In the absence of 

divalent cations, the levels of phosphorylation in individual proteins 

in the pres.ence of ACh averaged 103% of control values. In the presence 

2+ 2+ . 2+ 2+ of 10 mM Mg , 4 mH Ca , and both 10 mM Hg and 4 mM Ca individual 

protein phosphorylation with ACh averaged 106%, 103%, and 97%, respec-

tively, of control values. 

2. 2+ 2+ The effect of Mg and Ca on the phosphorylation of 

microsomal proteins with [y ~2P]ATP 

The addition of the divalent cations Hg 2+ and ca2+ had dramatic 

effects on microsomal protein phosphorylation (Fig. 10). 
2+ Mg produced 



Figure 9. Effect of ACh. on the phosphorylation of microsomal 
proteins from rabbit iris muscle. Microsomal fractions 
from rabbit. iris (50 ll g12were incubated for the indicated 
interval with 20 llCi [y P)ATP in the presence and 
absence of 50 1J M ACh. ·The reaction was terminated and 
the proteins were separated by SDS-PAGE. The dried gel 
was exposed to x-ray film to produce this autoradiograph. 
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Figure 10. 2+ 2+ Effect of Mg and Ca on the phosphorylation of micro-
somal proteins from rabb~t i.ris muscle._ Microsomal frac-· 
tions from rab~it iris (50 ~) were incubated for l min 
with 20 ~Ci [Y ~P]ATP in the presence of the indicated 
divalent. cations: The reaction was terminated and the 
proteins were separated by SDS-PAGE. The dried gel was 
exposed to x-ray film to produce this autoradiograph. 
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a concentration-dependent increase in protein labelling of all protein 

bands. 
2+ 

At 10 ID.t.\f Mg all four of the major phosphoprotein bands in the 

microsomal preparation had increases in labelling, including protein A 

'MW 93,000), 198%; protein B (MW 51,000), 188%; protein C (MW 45,000), 

153%; and protein D (MW 21, 000), 178% (values are percent of control 

with no ions added). Whereas labelling in the presence .of lO mM ~!g 2+ 

averaged 177% of control values, labelling in the presence of 2 mM Mg
2
+ 

averaged 143% of controls. Only protein C (MW 45,000) we3,s significantly 

labelled in th,e absence of any divalent cations, when compared to zero 

time values (51% increase). 

2+ 
Ca had markedly different effects on microsomal protein phos-

phorylation (Fig. 10). In the ahsence of Mg 2+, 4 mM ca2
+ inhibited the 

labelling of protein C (77% of control values with no ions added). In 

2+ 2+ 
the presence of Mg , 4 mM Ca reduced the level of phosphorylation of 

- ~ 
all proteins 11%-28% (compared to control values in the presence of. Mg 

alone)., 
"+ 

The inhibitory effect of ca"" on protein C phosphorylation, 

demonstrated in the absence of Mg
2
+, was observed at 2 mM, 4 mM, and 

2+ 
10 mM Ca • 

As can be. seen in Fig. 10, 50 11M ACh had no effect on protein 

2+ 2+ 2+ 
phosphorylation in the presence of 10 Dll.\f Mg ~ , 4 mM Ca , or both Mg 

' 2+ 
and Ca o Protein phosphorylation values in the presence of ACh averaged 

107% of control. values in the three conditions described. 
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) 

3. The effect of_ACTH
1

_
24 

on the phosphorylation of microsomal 

proteins with [y
32

P]ATP . 

The synthetic hormone, ACTH
1
_

24
, has a varied effect on micro-

2+ 
somal protein phospho·rylation in the presence of 10 mM Mg · (Fig. 11). 

The effects of ACTH
1
_

24 
were concentration-dependent and were maximal 

between 50 and 100 11M. ACTH
1

_
24 

inhibited the phosphorylation of over 

half of the individual protein bands counted (6 out of 10) ,. ·including 

protein A (67% of control values), protein B (75% of ·control values) ·and 

protein D (77% 9f control values). However, some proteins. were un-

affected by ACTH
1

_
24 

addition, including protein C (96% of control 

values). Still other proteins, as indicated in Fig. 11, showed increased 

phosphorylation-in the presence of ACTH
1
_

24
, such as a MW 20,000 protein 

(131% of controls) and a MW 22,000 protein (138% ·of controls). 

III .. Upta~e,. of 
32

P
1 

and Incorporation into ATP in Intact Rabbit Iris 

Muscle 

Uptake of 32P'. into the rab.bit iris smooth muscle is a time-depen- ... 
]. 

+ 
dent process (Table 4). In the absence of Na saturation is reached in 

about lOmin. However, in the presence of Na+, phosphate is taken up at 

a more rapid rate, and does not. saturate within 60 min. The increased 

+ . 
uptake in the presence of Na is evident at 2 min (110% of controls), 

but rises dramat~cally with time up to 60 min (261% of controls). 

Similar trends are evident in the incorporation of 32p. into ATP. 
~ 

Although the-incorporation of label into ATP does not saturate within 60 

min, there ·are substantial differences between incorporation in the 



Figure 11. Effect of on ACTHl-24 on the phosphorylation of microsomal 
proteins from rabbit iris muscle. Microsomal fraction-s 
from rabb!~ iris -(50 11g) were incubated for'l min with 
20 11Ci [y - P]ATP in the presence of the indicated ACTH

1
_

24 concentration. The reaction was terminated and the 
proteins were separated by SDS-PAGE.. The ·dried gel was 
exposed to x-ray film to produce this autoradiograph. 
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+ presence· and absence of 110 mH Na (Table 4) 9 The increased incorpora-

tion into ATP in the presence of Na+ is again evident at 2 min (8-fold 

greater than control values) and continues to rise with time up to 60 

mi'n (29-fold greater than controls). The incorporation process is 

32 clearly time-dependent; 1% of the Pi taken up by the tissue is incor-

porated into ATP at 30 sec, while 14% is incorporated into ATP by 60 min. 

Addition of ACh (100 11M) does not effect either the uptake of 32P. 
1 

or its incorporation into ATP. Time curves of uptake and incorporation 

were similar to control curves, and no consistent effect of ACh was 

observed at any interval between 0. 5 and 60 min (data not shown). 

IV. ATPase Activities of the Rabbit Iris and its Iridial Processes 

A. Cation-activated ATPases 

The specific activities of the cation-activated ATPases in micro-

somes from iris smooth muscle and iridial proces-ses are given in Table 5. 

Activities 2+ 2+ + + 
of Mg -ATPase, Ca -ATPase and Na -K -ATPase in smooth 

muscle microsomes were .2.6-, 3.0-, and 1.7- times as high as those from 

iridial processes microsomes,· respectively. No ca2+-specific stimulation 

2+" . -7 5 2+ of Mg -ATPase was observed with 10 M to 10- M Ca as regulated by a 

2+ 
Ca -EGTA buffer system (which was defined using the stability const_ants 

of Godt (64a) and the method of Schatzmann (64b)). As with other smooth 

+ + 
muscles (65-68), the specific activity of Na -K -ATPase in iris micro-

somes was very low. 2+ This activity had an absolute requirement for Mg , 

and st-imulation ·of ATP hydrolysis by the monovalent cations was observed 

only at comparatively low concentrations of Na + and K+, with maximal 

stimulation obtained at 10 mM Na+ and 2 mM K+ concentrations (see assay 



Table 4. + 32 Effect of Na on the uptake of P into rabbit iris 
and its incorporation into AtP* 

Time of 
32 0 32 

Total ~~ Total [ P]ATP 
incubation 

(CPM) (min) (CPM X 10 ) 

Control Experimental, Control, Experimental, 
witb~ut with 

+ 
(% of without 

+ 
with 

+ Na .110 mM Na control) 110 mM Na 110 mM Na 

0.5 506 488 ( 96) 275 4059 

"1.0 490 705 (144) 1391 7738 

:'-2.0 617 678 (110) 1045 8223 

5.0 777 920 (118) 2236· 23100 

10 946 1093 (116) 3494 42581 . 
20 1028 1854 (180) 7191 112114 

30 883 1656 (188) 7186 106125 

60 864 2253 (261) 10549 313879 

*The data presented here are from a representative experiment. 

(% of 
control) 

(1476). 

( 556) 

( 787) 

. (1033) 

(1219) 

(1559) 

(1477) 

(2975) 

V1 
w 



Table 5. Cation-activated ATPase activities of rabbit 
iris smooth muscle microsomes and 

iridial processes microsomes 

Specific activity 
(~mole P. released/mg protein hr) 

~ 

54 

ATPase Iris muscle Iridial processes 

2+ 
Mg -ATPase 31.0 ± 1.4* 12.1 ± 0.7 

2+ 
Ca· -ATPase 28.1 ± 3.9 9.5 ± 1.6 

+ + 
Na -K -ATPase 3.0 ± 2.3 1.8 ± 0 •. 7 

*Mean of 6-12 determinations ± S.E.M. 
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system under "Methods"). Ouabain inhibition 'of Na + -K+ -stimulation was 

concentration-dependent, with approximately 87% inhibition at 0.05 mM of 

the drug. 
+ + 

Substantial inhibition of Na -K -ATPase was also observed 

The vanadate inhibition was highly specific and concentra-

tion-dependent with 100% inhibition seen at 10-4 M concen~ration of the 

anion. 

Results from kinetic studies on the effects of various concentra-

2+ 2+ ' 
tions of ATP on Mg -ATPase and Ca -ATPase in iris microsomes and 

iridial processes are summarized in Table 6. Lineweaver-Burk analysis 

Z+ 2+ ATP. . i . revealed that the K values for Mg -ATPase and Ca - ase act~v t1.es 
m 

are almost identical in the _same tissues. 2+ -Thus the K values for Mg -
m 

ATPase and ca2+ -ATPase of the smooth muscle were 0.16 Ilh\f and 0.19 mM, 

and for the p-rocesses they were 0.17 mM and 0,17 mM, respectively. 

Similarly, the V for Mg2+ -ATPase was clo.se to V max · max 
- 2+ 

for Ca -ATPase in 

each of the tissues, however, the V values were substantially higher 
~X . , . 

in iris muscle microsomes when compared to those of iridia 1 processes 

. microsomes. 

Effects. of various divalent cations on ATPase activity in microsomes 

from iris 'muscle and from iridial processes are given in Table 7. At 

1 mM concentrations, a variety of d-ivalent cations· exerted significant 

stimulatory _}affects on basal ATPase activity in both tissues, the order 

2+ 2+ 2+ 2+ 2+ 2+ 
of stimulation being Mg > Mn > Ca >· Cd >· Zn > Sr (all added as Cl 

salts). 

B. Anion-activated ATPases 

Since ·it has been reported that HC0
3
--stimulation of ATP hydrolysis 

observed in a variety of· tissues is mitochondrial in origin (79 ,80), we 



Table 6. Su~~ry of kinetic constants+ for Mg2+-ATPase 
and·ca -ATPase of iris muscle microsomes 

and-iridial processed microsomes 

Tissue 2+ ' Mg -ATPase 
. 2+ 
Ca -ATPase 

K v * K 
m max m 

Iris muscle 0,16 31.8 0.19 

Iridial processes 0.17 12.6 0.17 

+ 
Calculated from Lineweaver-Burk plots. 

*mole ~i re1eased/mg.protein/hr,. 
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v 
max 

36.9 

10.7 



Table 7. Effects of various divalent cations on ATPase activity 
in microsomes from iris muscle and from iridial processes 

Cation added 
(1 mM) 

Iris Muscle Iridial Processes 

Specific activity 
of ATPase 

(umol P released/ . i 
mg prot/hr) 
--

None 6.9 ± 0.5* 

Hg2+ 37.4 ± 0.3 

Mn 
2+ 

34.0 ± 0 .. 3 

ca2+ 33.1 ± 0.6 

Cd2+ 16.8 ± 0.2 

zn2+ 7.1 ± O.l 

Sr 
2+ 6.7 ± 0.1 

*Mean of 4 determina~ions ± S.E.M. 

Effect Specific activity 
(% of control) 

(umol P. released/ 
mg ~rot/hr) 

6.5 ± 0.4 

542 20.5 ± 0.2 

493 20.0 ± 0.3 

480 18.2 ± 0.3 

243 13.1 ± 0.2 

103 10.4 ± 0.2 

97 7.6 ± 0.7 

Effect 
(% of control) 

315 

308 

280 

202 

160 

117 ' 

Vl 
""'-.! 
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have investigated the activity of this enzyme in both mitochondrial and 

microsomal fractions of the iris smooth muscle ·and iridial processes. 

In general, Hco
3

- -ATPase, activity was· found to be significantly enriched 

in. the mitochondrial fraction of the iridial processes, where its speci-
., 

fie activity was 3 to 5 times higher than observed in any other fraction 

examined (Table 8). The HC0
3
-"!!'stimulation had an absolute requirement 

for Mg
2
+, 'and its activity was not influenced by ouabain (1 mM), EGTA 

(0.5 m.M), or vanadate (10 ll M). Azide, a potent inhibitor of mitochon-

drial ATPase, abolished the HC0
3
--ATPase activity in the· subcellular 

fractions of both iris smooth muscle and iridial processes (Table 8). 



Ion added 

Table 8. Effect of a~ide (N3-) o~ Hco
3
--ATPase activities in mitochondrial and 

microsomal fractio~s from rabbit iris muscle and from iridial processes 

Specific activity (~moles Pi released/mg prot/hr) 

Iris Muscle Iridial Processes 

. 25 mM HCO 
3 

-· 

25 mM HC0
3

- + 
· 2 mM aziae 

Mitochondrial 
fraction 

4.6 ± 2.7* 

0.2 ± 0.2 

*Nean of 6-8 determinations ± S.E.M. 

Microsomal 
fraction 

3.3 ± 1.8 

0.1 ± 0.1 

Mitochondrial 
fraction 

15.0 ± 5.6 

1.1 ± 0.4 

Microsomal 
fraction 

5.3 ± 1.8 

0.4 ± 0 .. 2 

ln 
\0 



DISCUSSION 

I. Neurotransmitter Receptor Binding in the Rabbit Iris 

The comparative studies reported here on the binding characteristics 

of [
3

H]QNB and [
3H]WB-4101 to microsomal fractions and slices of albino 

rabbit iris are summarized in Table 9. The ligand binding properties 

are typical of bind_ing to muscarinic cholinergic and alpha-adrenergic 

receptors. They are saturable, of high affinity, and they are reduced 

by specific antagonists. The suitability of the slices for binding 

experiments was not unexpected, since [
3H]QNB has been reported to bind 

with high affinity and specificity to muscarinic receptors in brain 

slices (34,81). In general, the affinities of both [
3H]QNB and [

3H]WB-

4101 to the microso;mal fraction were higher than those obtained with the 

slices (Table 9). 3 3" 
Thus KD values in slices for [ H]QNB and [ H]~offi-4101 

were approximately 29 times and 4 times higher than those estimated in 

the microsomal fractiono Furthermore, atropine was consistently less 

potent in inhibiting [
3
H] QNB binding in .iris slices than in the micro-

somal fraction. Gilbert et al. (34) similarly reported that antagonists 

are -~less potent in inhibiting [3H] QNB binding in brain slices than in 

homogenates. Ward an.d Young (32) had previously reported that muscarinic 

drug~ were less potent in inhibiting the binding of [
3
H] PrBCM to intact. 

intestinal muscle strips than in cell-free homogenate preparations. The 

KD values for [
3H]QNB and [

3H]WB-4101 in the microsomal fraction and the 

iris slices are comparable to those obtaine'd with other tissues (34,49, 

· 82,83). Thus the KD value for [3H]-l-QNB binding i:n the microsomal 

fraction is .0. 069 nH, in good agreement 1-1ith values reported recently by 

60 



[
3H]QNB 
Membranes 

Slices 

[
3
H]HB-4101 
H.embranes 

Slices 

Table 9. Summary of ~uscarinic and alpha-adrenergic binding constants in 
microsomal membrane fractions and iris muscle slices 

KD v * Hill Kl K 
max -1 -1 -!1 

(nM) coefficient (M min ) (min ) 

0.069 1.33 0.89 0.14 X 10
9 

0.85 X 10 -2 

1.97 1.17 0.84 0.19 X 10
8 

1.12 X 10 
-2 

2 .. 33+ 0.73 0.71 
(55.6)

11 (4.56) 

10.19 0 .. 414 0.86 
(57.5) (1.25) 

K
1 

(atropine) 

(nM) 

0 .. 34 

9.67 

*Values for membranes are expressed in pmoles/mg protein: values for slices are expressed in pmoles/.mg 
dry wt .. 

+ High affinity binding. 

#Low affinity binding. 

0"1 
J---4 
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Gilbert et al. (34) for brain tissue, however, these· values are an or<ier. 

of magnitude lower than those reported in earlier work using "[
3

RP-"dl-QNB 

(35-37). The use of the 1-stere'oisomer of QNB in the present . study 

c~nfirms its greater affinity and demonstrates that its use elim:lnates 

the many problems which were reported to be associated with the dl-isomer 

(34). There is an excellent co-rrelation between the Scatchard-derived 

and kinetically-derived dissociation constants, which confirms the 

reliability of ou~ binding assay. It is not clear why Lund-Karlsen (84) 

was unable to detect saturable binding of [
3

H]QNB to rabbit iris homo-

genates, although binding to slices could readily be measured·. Kloog et 

al. '"'(83), working with N-methyl piperidylbenzilate ( [3H]4NMPB) and 

. [3H]QNB, and P,age and Neufeld (85) working with [ 3H]dihydroergocryptine 

(DHE), demonstrated satu~able binding to homogenates of iris muscle from 

albino rabbits. The finding of dissimilar dissociaton constants for 

[
3

H]QNB bind.ing in the microsomal fraction and muscle slices should not 

immediately suggest that muscarinic receptor properties have been altered 

by tissue homogenization. In contrast, our observation that K _
1 

values 

are similar in the two preparations is compelling evidence that no 

alterations in receptor properties occurred. The difference in KD 

values seen here is probably attributable to the association (K
1

) compo

nent. The finding of significantly· slower rates of association· in 

intact tissue, compared to the homogenate, is not unexpected because of 

the diffusional barriers ,present in intact muscle which are absent in 

cell-free preparations. This problem has been discussed by several 

works (32,34). We suggest that these diffusional barriers are, at least 



63 

in part 9 responsible for the difference in KD values between the micro

somal fraction and muscle slices, and that no significant change in 

receptor properties is evident. 

The binding of [
3

H]WB-4101 to the micro~omal fraction and iris 

muscle preparations is consistent with its interaction with two classes 

of sites: a high affinity population with a high specificity for the 

radioligand and a low affinity population with a substantially lower 

specificity for the radioligand (Table 9). Using a variety of alpha-

adrenoligands, other investigators have also reported the presence of 

two subpopulation~ of alpha-adrenergic receptors. · Thus, employing a 

variety of radioligands, U'Prichard and Snyder (82) reported two distinct 

receptor types which could be distinguished on the basis of their diffe-

rent patterns of ~lpha-adrenoligand binding. Greenberg and Snyder (48), 

working with rat brain membranes, .demonstrated the existence of one 

alpha-adrenoceptor subtype correlated with [
3

H]WB-4101 binding and low 

agonist affinity 5 and a second lvhich selectively binds [3H]clonidine and 

has limited antagonist binding capacity. In the present. work at higher 

concentrations, [
3

H]WB-4101 appears to interact ~ith.a second population 

of sites with a much lower affinity than that found for the high affinity 

site (Figs. 6 and 7). Similarly, Davis et al. (49), working with J>inding 

of· [
3

H]WB-4101 to rat cerebral cortical membranes, demonstrated a low 

affinity binding site, in addition to the high affinity site. It has 

recently been suggested that these alpha-receptor subtypes could be 

·classified as alpha
1 

or alpha2 . ad~~~t:F.~ic receptors based on their 

pharmacological profile. ·.This -·~lpha1-aipha2 model has been used to more 
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closely define the complex alpha-adrenergic binding patterns. [3H]Cloni

dine, ( 3H]norepinephrine, and ( 3H]epi~ephrine have been shown to selec

tively bind alpha
2 

receptors (82), while [ 3H]WB-41·01 has been shown to 

3 . 
l~~el alpha

1 
receptors (51,82). [ H]DHE reveals a single class of 

binding sites (48 ,86) because it is equipotent to alpha
1 

and alpha
2 

3 
receptors. However, [ H]WB-4101 would not be expected to label a single 

binding site when analyzed over a wide concentration range because it is 

not equipotent,. but markedly. alpha
1 

specif:lc. In the present study, the 

high affinity component of [
3

H]WB-4101 binding (KD ;:: 2.33 nH) could 

. correspond to the binding of the a.lpha
1 

site, while at higher concentra

tions (greater than 15 nM) the radioligand interacts in addition with 

the alpha
2 

site~ These components are clearly. discernible in both the 

microsomal fraction and the iris slices (Figs. 6 and 7, respectively). 

Further studies using spec.ific alpha
1
-alpha

2 
ligands must be performed 

before correlation between the two [3H]WB-4101 binding sites and the 

alpha
1
-alpha

2 
model system can be confirmed. The existence of ·two 

distinct binding sites may explain the finding of Hill coefficients less 

than one, although alternative explanations, such as receptor desensiti-

zation or negative cooperativity, are conceivable. 

The following arguments can be. put forwarq to explain the present 

findings of higher affinities for [
3

H]QNB and [ 3H]WB-4101 binding to 

microsomal fractions as compared to muscle slices: (a) the use of 

membrane preparations probably allows the attainment of higher receptor 

site concentrations and may also eliminate some of the drug uptake 

processes that occur in intact tissue (86); (b) the differences could 

probably be explained, at least in part, in terms of access-limitation 
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for the penetration of the ligand and the test drugs to receptor sites 

in intact tissue preparations (32); ·(c) the- homogenization process may 

have separated the receptor from an endogenous factor which may inhibit 

ligand binding; and (d) the differences in receptor-ligand binding 

obtained with slices and with microsomes may reflect real differences in 

the characteristics of ~uch binding in intact tissues versus broken cell 

preparations (34). The equal K_
1 

values found in the two preparations 
-, 

argue against alterations in receptor properties. It is possible, 

however, that the loss of phosphoinositide effect in cell-free homo-

genates is not due to alterations of muscarinic and alpha-adrenergic 

receptors during the homogenization proceclure, but .rather due to the 

disruption of· a link (~, via cations) between these receptors aud the .. 
enzyme(s) involved in phosphoinositide metabolism in the intact slice. 

II. Protei:n Phosphorylatiqn in the Rabbit Iris 

Figure 12 shows a typical stained polyacrylamide slab gel used to 

separate proteins in the microsomal fraction$ The gel system separates 

35-40 protein bands, of·which approximately half are shown by autoradio-

graphy to be phosphorylated. The protein patterns obtained from the gel 

separation and· the resultant autoradiographs were very :.:reproducible. In 

both intact iris experiments using 32·p. and in microsomal experiments 
l. 

• [y.· 32p] ATP, f . h h 1 t d . b d us1.ng our maJor p osp ory a e prote1.ns were o serve : 

protein A (MW 9 3, 000) , protein B (MW 51., 000) ·' protein C (MW 45, 000) , and 

protein D (MW 21,000). Other protein bands, and their observed migra-

tions, were similarly reproducible. 

The data in Table 3 represent an attempt to determine whether.ACh 

affects the phosphorylation pattern of cellular proteins in the intact 



Figure 12. Vertical polyacrylamide slab gel electrophoresis of 
_microsomal· fraction proteins from rabbit iris muscle. 
Microsomal fractions from rabbit iris (50 ~g) were 
loaded on a 6-20% acryla~de gel for separation by 
molecular weight. The gel was fixed, stained, and 
destained as described in Methods. 

. . . . ~- -:··· 
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rabbit iris, and further, to determine whether such effects can be 

directly observed by fraction isolation and SDS gel electrophoresis. 

Similar attempts have been made to examine protein phosphorylation in 

~D:tact cell preparations, but typically they involve such tissues as 

human erythrocytes (87), suspensions of rat hepatocytes.(88), suspensions 

of rat brain synaptosomes (89), or slices of rat facial nucleus (90). 

In each of these tissues a neurotransmitter-stimulated increase in the 

phosphorylation of one or more cellular proteins has been obs·erved. The 

data in Table 3 suggest that a similar phenomenon exists, in the ACh-

stimulated rabbit iris smooth muscle, where the .. protein specific activi-

ties increased 36% at) 5 min with ACh addition. However, this increase 

is not observed in specific proteins following separation by SDS gel 

, . electrophoresis. This could be due to an inability of the affected 

proteins to resolve effee·tively on the gel, or more likely, a loss of 

this increase due to phosphatase activity prior to electrophoresis. As 

indicated in Methods, a substantial length of time elapsed between 

termination of the phosphorylation reaction and protein electrophoresis. 

One characteristic of the tissues described above (87-90) is that in 

these tissues ·such experimental obstacles as diffusional barriers, 

resulting in uneven 
32

P uptake or uneven neurotransmitter stimulation, 
i 

pose no substantial difficulties. More importantly, however, the time 

,between termination of the phosphorylation reaction and protein separa-

tion is short, due to the ease of tissue homogenization. In the intact 

~ rabbit iris smooth muscle, however, the time required to prepare the 
•t .• 

microsomal proteins for electrophoresis is sufficiently long to allow 

for extensive ~hosphatase activity. 
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The study of the effects of Na+ on protein phosphorylation in the 

intact rabbit iris was undertaken for a variety of reasons. + First, Na 

has been shown to be required for the neurotransmitter-stimulated labell-

±ng of PA and PI {20). Second, in many systems, the phosphate transport 

+ + mechanism has been shown to be Na -dependent {91). Third, Na has been 

shown to stimulate the phosphorylation of membrane prote~ns from rat 

brain (92). + As can be seen in Fig. 8 and Table 3, Na has dramatic 

effects on protein phosphorylation in rabbit iris. Protein labelling is 

+ almost entirely dependent on the presence of Na • The requirement for 

+ + Na is specific for that monovalent cation; only Li can serve as. a 

partial substitute (Figs 8). + The effects of Na are general ones, 

affecting all protein bands similarly. This observation suggests that 

the action of Na+ may be related to the uptake of 32P. or the specific 
. l. 

activity of ATP, rather than through specific phosphorylation mechanisms. 

Because of the difficulties encountered and the problems inherent 

to the study of protein phosphorylation in the intact iris, an investi7 

gation of protein phosphorylation in the microsomal fraction of iris was 

32 ] ' undertaken, using [y P ATP as the phosphate donor. This approach has 

been used in a number of laboratories (see Ref. 54 for a complete dis-

cussion), based on the observation that microsomal membrane fractions 

from a variety of tissues have intrinsic protein kinase activity, and 

32 can readily transfer phosphate from [y P] ATP to particular substrate 

protein(s). The kinetics of such in vitro techniques strongly favor the 

protein.kinase, as .opposed to the protein phosphatases, and is used to 

'describe botn-- enzyme activities and their particular substrates (61,93~ 

94). An additional advantage to this type of· study, which will be 
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~plaited in 'future investigations, is that. protein phosphorylation can 

be correlate<!" .~ith pho~pholipi-d phosphate turnover (95-98.). 

In contra~t to observations in nicotinic receptor-containing 

synaptic membranes (61, 99), ACh has no discernible effect on protein 

phosphorylation in the microsomal fraction from rabbit iris smooth 

muscle (Fig •. 9). This finding suggests that no endogenous protein 

kinase. is directly activated by ACh-_rec.eptor binding. . If neurotrans-

mitter stimulation in this tissues alters protein phosphorylation 

patterns, then it must act through a second me.ssenger, such as ca2
+ 

ions.. Consequently, we have investigated the effects of divalent cation 

addition on prote·in phosphorylation. As is illustrated in Fig. 1.0, Mg
2
+ 

. 2+ 
stimulates the phosphorylation reaction in all proteins, whereas Ca 

inhibits protein labelling. Due to the short time course involved in 

these experiments, phosphate metabolism will primarily be controlled by 

the protein kinase(s). Therefore, it. can be concluded that there is 

evidence of at least t"tvo protein kinases present in the microsomal 

fraction of. the iris smooth muscle: · one, which is Mg2+ -dependent and is 

inhibited by high levels of Ca 2+ and phosphorylates proteins A, B, and 

C, and a' second, which is Mg 2+ -independent and. specifically phosphory-

lates protein c. 

The synthetic hormo11e, ACTH
1

_
24

, is a potent neuroactive peptide 

which is known to affect brain metabolism and behavior. Recently, 

ACTH
1

_
24 

has been shown to affect the activity of a protein kinase in 

synaptic plasma membranes from rat cerebral cortex (97). ACTH
1

_
24 

has 

similar effects on membrane phosphorylation in the rabbit iris (F_!g. 11) .. 
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The phosphorylation'of many proteins was inhibited, whereas other pro-

teins were unaffected, or even stimulated. The varied effect on protein 

phosphorylation produced by ACTH
1
_24 suggests the presence of multiple 

protein kinases, at least one of which is inhibited by the peptide, and 

another, which is specific to only two protein substrates, which is 

stimulated by the hormone. 

III. Uptake of 32P. and Incorporation into ATP in Intact Rabbit Iris· 
l. 

Muscle. 

As discussed below, the phosph~te transport system in the rabbit 

iris smooth·muscle is of particular interest with regard to interpreting 

the results of intact protein phosphorylation experiments. These studies 
I 

are entirely dependent on the uptake of 32P. and incorporation into ATP, 
l. 

where the label can act as a phosphate donor. Therefore, t~e uptake of 

32P. and its incorporation into ATP has been examined. The effects of 
l. 

+ · ACh and Na on this process have also been investigated. 

Phosphate transport is a time-dependent process which is actively 

+ ' 
stimulated in the presence of Na (Table 4). Uptake is stimulated by 

161% at 60 min. + These observations are similar to those of a Na -depen-

dent phosphate transport system described in brush border membrane 

vesicles (100) and in fibroblast plasma membrane vesicles (101). Simi-

1 1 N + · h hi h 32 . . d. . ATP ar y, a 1.ncreases t e rate at w c p. l.S 1ncorporate 1.nto , 
l. - ' 

+ although the effect of Na is muc~ more substantial. Incorporation is 

~timulated 15-20 times at 30-60 min. The 10-fold increase in the Na+ 

·stimulation·:~effects from uptake to incorporation would be in part ex

plained by the increase in ATP turnover in the presence of Na+ due to 

+ + + + d" h the· activity of Na -K -ATPase. Na -K -ATPase activity is foun 1.n t e 
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1 b d ( 1 ) d ld . . h N + iris-ci. iary o y see Resu· ts an wou_ act to ma1.nta1.n t .e a gra-

dient under these conditions. 

32 The amount of label incorporated as [y P]ATP in the presence and 

absenc·e of Na + is consistent with the observation of reduced protein 

+ phosphorylation in the absence of Na • The demonstration that ACh had 

. 32 
no effect on el.ther Pi uptake or incorporation into ATP may also 

explain the absence of an ACh effect on protein phosphorylation in the 

intact iris. However, the existence of phosphoprotein pathways· linked 

directly to the activated receptor, ~, not via increased ATP turnover, 

cannot be ruled out in the· intact iris due to difficulties involved in 

phosphoprotein processing. ~urther studies, involving the use of phos-

phatase inhibitors and more rapid processing techniques, are currently 

under examination. Go. 

IV. ATPase Activities of the Rabbit Iris and its Iridial Processes 

The existence of cation-transport mechanisms is obligatory if 

cation influx is to,, mediate neurotransmitter stimulation., The involve

ment of ca2+ influx has been demonstrated (2Z), and that of Na+ -influx 

has been suggested (20), in the generation of response to ACh in rabbit 

iris smooth muscle. However, no studies of cation-transport enzymes 

have been undertaken in this tissue. Further, the pattern of protein 

phosphorylation, in the microsomal fraction of the iris would be dependent 

on the rate of [y
32

P]ATP hydrolysis by enzymes other than protein 

kinases, such as t-ransport ATPases. Consequently, it was of interest to 

examine the ATPase activities of the microsomal fraction of the iris 

smooth muscle. 
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This study has involved the -investigation of: (a) the activities 

2+ 2+ . 2+ + + 
of l\lg -ATPase, Mg -independent-Ca -stimulated ATPase, and Na -K -

,ATPase in microsomes isolated from iris smooth muscle and from iridial 

p;r9cesses, and (b) the activity of HC0
3 
--ATP~se in mitochondrial and 

microsomal fractions isolated from both' tissues. The presence of a high 

concentration of Mg 
2+ -ATPase in the smooth muscle microsomes, compared 

to iridial processes, is not unexpected, as high levels of Mg 2+ stimula-

tion of this enzyme have commonly been reported in microsomal fractions 

of smooth muscle (66-68,104). The demonstration in these- tissues of a 

2+ 2+ 2+ 
Mg -independent-Ca -stimulated ATPase is rather interesting. Ca -

stimulated ATPase ac~ivity of a similar type has been reported in 

vascular smooth muscle (66, 103,104), cardiac muscle (105), and skeletal 

muscle (106). In contrast, other investigators (64) have reported the 

2+ 2+ .. . - . 
activity of a (Ca + Mg )-st~mulated ATPase based on the observat~on 

that ca2+ stimulates ATP hydrolysis in the presence of optimal Mg2+ 

concentrationso Similar studies performed at low ca2+ concentrations 

(1-60 
?+ 

M) using a ca- -EGTA buffer system, in the presence of both 

b Mg
2+ 2+ .f. 

optim~l and su optimal concentrations, failed to show Ca -specJ. ~c 

stimulation in the iris muscle.microsomes. Therefore, we conclude that 

2+ 2+ . . no (Ca + ~lg )-stimulated ATPase J.S detectable under our_ experimental 

conditions in the iris microsomes, and that- stimulation of.ATP hydrolysis 

2+ 2+ 
by these ions may be through a Ca -or Hg - stimulated ATPase of the 

type described in neural tissues (107). In support of this conclusion, 

' ?+ 
we have observed almost identical. I< and V values for Mg- -stimulated 

m max 
2+ 

and Ca -stimulated ATPase activity. Although the relationship between . 

. ca2+-stimulated ATPase activity and ca
2
+-transport remains controversial 
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. . . . '2+ 
(104,108), some energy-requiring mechanism for th.e.,~efflux of Ca would 

be required_ to maintain the low intracellular Ca 
2+ levels char·~-~teristic 

of all biological cells. The need for such a system in the rabbit iris 

was demonstrated in this laboratory when it was observed that intra-

1.1 1 c 2+ . . d . h. i . ce u ar a concentrat1on 1ncrease 1n t 1~ t ssue in response to 

neurotransmitter stimulation (22) •. Although the present study does not 

confirm the localization of ca
2
+ -stimulated ATPase activity in the 

2+ 
plasma membrane (sarcolemma), the Ca -stimulated ATPase demonstrated 

here may represent the mechanism for reducing this intracellular ca
2

+ to 

normal levels~~ The finding that -other divalent cations also stimulated 

ATP hydrolysis could be due to their ability to form a complex with ATP. 

+ + 
The activity of Na -K -ATPase in smooth muscle is rather low when 

compared to other tissues t and is difficult to assay due to the high 

2+- . 
levels of Mg -ATPase characteristic of smooth muscle and the sensitivity 

of this enzyme to changes in cationic concentrations (64 .... 67 ,102). 

Maximal activation ot the enzyme in the iris microsomes is achieved at 

+ low concentrations of the monovalent cations, namely 10 mM Na and 2 mM 

+ K • The enzyme was also demonstrated in the iridial processes and its 

activity is blocked by ouabain and vanadate. Histological verification 

+ + .. 
of Na. -K -ATPase act1v1.ty -in the non-pigmented epithelium of iridial 

processes nas been previously demonstrated by Shiose and Sears (109). 

Distribution of the HC0
3

- -ATPase is clearly uneven with substan

tially higher enz;Yme activities in the iridial processes (15.0 and 5.3 

in mitochondiral and microsomal fractions, respectively) than. in iris 

muscle· (4.6 and 3.3 in mitochondrial and microsomal fractions, respec-

tively). This could suggest that this enzyme is associated with the 
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mitochondria of the iridial processes~-- · Van Ame isvoort· et al. ( 79) and 

others ( 80,110, 111) have suggested that HCO 
3

- -ATPase ·.is predominantly of 

mitochondrial origin. The observation that azide. effectively inhibits 

HC0
3 
--ATPase further supports the conclusion that this activity is 

mitochondrial. · Bicarbonate concentration of rabbit aqueous humor is 

higher than plasma bicarbonate, ·whi.ch suggests that bicarbonate is 

pumped into aqueous humor against its concentration gradient. The 

finding in the present study of a high HC0
3

- -ATPase activity in the 

iridial· processes points to their possible. involvement in bicarbonate· 

tra.nsport.. While its high activity in the ir.idial processes could 

suggest an important role in HC0
3

- metabolism in this tissue, further 

studies are needed before the precise relations hip between the activity 

of this enzyme and the secretion of Hco
3
- into the aqueous humor can be 

establishedo 

V., Ov:erv"iew 

For many years Abdel-Latif, Akhtar, and their coworkers have. inves

tigated the neurotransmitter-i-q.duced phosphoinositide effect in the 

rabbit iris smooth muscle. Their efforts have led to a more complete 

. understanding of stimulus-response mechanisms in this tissue. The 

present investigations have. been undertaken to further clarify the 

phenomena associated with neurotransmitter stimulation in the iris, and 

also, to describe certain of the principal components of these mechanisms 

·as they are found in the microsomal fraction. 

The observation that the p~osphoinositide effect is lost following 

tissue homogenization in the iris has led to three possible conclusions: 
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(a) that the act~ vi ties of the enzymes associated with (poly) PI meta~ 

holism have been diminished, or (b) that the receptors which controlled 

this effect in the intact tissues are no longer operative, or (c) that 

some link between the receptors and the enzymes has been disrupted so 

that the sequence of biochemical events following neurotransmitter 

addition is lost. However, it is well known that the enzymes associated 

with (poly)PI metabolism retain their activity in the microsomal fraction, 

and have been described in this tissue. Since biochemical links, or 

·second messengers, are difficult to describe in cell-free systems (parti

cularly those involving changes in ionic gradients), we have examined 

the binding properties of the neurotransmitter receptors in the iris 

muscle microsomal fraction. Through the use of radioligand binding 

assays we have described pharmacologically viable muscarinic cholinergic 

and alpha-adrenergic receptors in the microsomes, and consequently, have 

suggested that the loss of the PI effect in that fraction is due to the 

disruption of the link between the receptors and· the enzymes (alterna

tiv£:: c above). The bindin& studies also. led to several . important, 

collateral observations: first, that there are distinct differences 

between the pharmacological binding parameters of radioligands in intact. 

tissue and their subcellular fractions, and second, that there is evidence 

to support the existence of alpha
1 

and. alpha
2 

adrenergic receptor sub

types in the iris. 

We have further examined the pathways of phosphate turnover in the 

iris with an investigation of protein phosphorylation in both intact 

iris muscle and in the microsomal fraction. · In the intact muscle 15-20 

proteins are phosphorylated when the irid~s are incubated in the presence 
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32 of p .• 
~ 

Acetylcholine (50 11M) ·increases the incorporation of 
32

p into 

total proteins ·as measured by total protein specific activity, but this 

effect is not observable in the individual proteins following electro-

pp~resis. Although no direct neurotransmitter-induced phosphorylation 

of particular proteins was observed, general alterations. in protein 

labelling were achieved by manipulation of medium Na + content. In the 

absence of Na +, me.mbrane proteins 
1 
bound only 6%. of their maximum 32P 

levels. The effect of Na+ on protein phosphorylation was pa:ralleled by 

+ 32 
the effect of Na on P. uptake and incorporation in.to ATP. Both of 

~ 

+ 
these processes were markedly Na -dependent, and at least in part, 

+ explain the effect of Na on both phospholipid and phosphoprotein label!-

ing. 

Protein phosphorylat~on in iris microsomes was also examined to 

-
observe any direct ACh-induced effects. None were observed, however, 

the addition of divalent cations and of ACTH
1

_
24 

clearly affected protein 

phosphorylation patterns. This had led us to conclude the following: 

first, that ·protein kinases and protei!J- phosphatases are present in the· 

iris micr()somal fractio~, and second, that the activity of these enzymes 

can be modified by mechanisms which are influenced by neurotransmitters. 

It remains conce-ivable that the mechanism of ACh stimulation in the iris 

involves mediation by protein phosphorylation. 

The study of ATPase activities in the iris has identified high 

levels of cation-stimulated ATPase in the iris microsomes and high 

·levels of anion-stimulated ATPase in the iridial proces9es mitochondria. 

The presence of the· anion-stimulated_ AT'j?ase in the mitochondria of the 

iridial processes may relate to bicarbonate transport· by that tissue 
I 
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into aqueous humor. The high activities of cation-ATPase in the iris 

+ 2+ 
could relate to the transport of Na and Ca in that tissue. Clearly, 

+ 
the presence of Na dramatically increas.es ATP turnover in the intact 

iris; and an active mechanism for Ca Z+ extrusion must exist to restore 

resting state ca2+ levels following neurotransmitter stimulation. The 

presence of these ATPase enzymes would substantially influence [y 32P]A~P 

hydrolysis in microsomal protein phosphorylation experiments, and 

explains the decline in protein labelling observed with time in prelimi-

nary experiments when only 20 11M ATP was used. 



SUMMARY 

1. [
3

H]QNB binding to both microsomal fractions and intact iris muscle 

was of high _affinity, low capacity, and was displaced by muscarinic 

ligands. 3 The equilibrium dissociation constants, KD, for [ H]QNB 

binding to microsomes and slices were 0.069 nM and 1.97 nm, respec-

tively. This shift to a higher value. for the KD of the slices 

compared with that of the micro·somal fraction was {llso observed for 

the association rate constant (K
1

) and inhibition constants (K
1
), 

but not for tha dissociation rate constant (K_
1
). Kinetic studies 

on the binding characteristics of [3H]WB-4101 revealed high affinity 

sites with KD values of 2.33 nM and 10.19 nM· for microsomal frac

tions and slices, respectively. The characteristic [
3

H]QNB and 

[
3H]WB-4101 binding patterns observed .. in the microGomal fraction 

suggest the presence of muscarinic cholinergic and alpha-adrenergic. 

receptor populations in this fraction~ which bind according to the 

expected pharmacological parameters for the particular receptor 

·· type. The finding of comparable binding patterns f;r [
3

H]QNB and 

. [
3H]WB-4101 bind.ing to microsomal fractions and intact muscle 

slices argues against the possibility of alterations in receptor 

properties following tissue disruption. 

2. In· the intact muscle slice, ACh increased the total 
32

P-specific 

activity of proteins, but had. no influence on the phosphorylation 

of individual membrane proteins. However, Na + caused dramatic 

changes in membrane protein phosphorylation with protein specific 

78 
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+ activities reduced 94% in the absence of Na • This concentration-

dependent reduction in protein phosphorylation due to the absence 

of Na+ parallels closely the decrease ip incorporation of 32P into 

ATP under the same conditions. 

3. ACh had no effect on microsomal protein phosphorylation with [y
32P]-

2+ ATP. Mg (10 mM) increased overall protein phosphorylation by 

2+ 53%-89%, whereas Ca (4 mM) decreased protein labelling by an 

average of 11-28%. · ACTH
1

_24 (100 1JM) also decreased protein labell-

ing in ·a concentration-dependent fashion. These observations 

suggest that both protein kinases and protein phosphatases are 

present in this fra.ction and that their activities may be altered; 

· however, stimulation by ACh does not produce any direc_t changes in 

protein phosphorylation. If ACh affects protein phosphate turnover, 

then it must b~. through the action of a second messenger (e.g., 

divalent cations). 

4. ATPase activities were examined in the microsomal fractions from 

both iris muscle and from the isolat.ed iridial processes. Micro

somes from iris muscle contained high activities of Mg
2
+:...ATPase and 

2+ + + . . 
Ca -ATPase, but had very low Na -K -ATPase activity. The spec-ific 

activities of the cation-s-timulated.· ATPases in iris muscle micro-

s.omes were up to three times higher· than those in iridial processes.-

High activity of Hco
3
--ATPase was observed in the iridial processes 

and appear to be associated r.vith the mitochondria in that tissue. 
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