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ABSTRACT

Muscarinic agonist-induced contraction of the ciliary muscle is generally
believed to increase aqueous outflow facility and effect accommodation. We used
cultured human ciliary muscle cells as a model to study the muscarinic receptor
subtype(s) involved in the contractile response of the muscle. Thus, a single cell
contraction assay for these muscle cells was developed. And since agonist-induced
contraction of smooth muscles is expected to involve the activation of phospholipase
C (PLC), we also monitored the PLC activity in these cells. Carbachol caused
contraction of the muscle cells in a dose-dependent and time-dependent manner with
an estimated EC50 of 1-3 pH. The contractile effect of 100 uM carbachol was

antagonized by pretreatment of atropine (1 uM) and 4DAMP (10 nM, antagonist
selective for the Ml and M3 receptors) but not by pirenzepine (10 pH, antagonist
selective for the Ml receptor), suggesting the involvement of the M3 but not the Ml
muscarinic receptor. M3 receptor is also essential for the carbachol-induced PLC
activation in the ciliary muscle cells, as indicated by the activity profiles of
receptor subtype selective antagonists. For example, the stimulative effect of
carbachol (EC50 - 20 pM) was antagonized by pirenzepine (pKi = 6.8), HHSiD (pKi =

7.6), 4DAMP (pKi - 9.5) and methoctramine (pKi < 6). Thus, these results indicate
that an M3-like receptor subtype is essential in mediating the muscarinic agonists-
induced functional changes, such as PLC activation or muscle contraction, in the
ciliary muscle.

INTRODUCTION

Muscarinics, such as pilocarpine and carbachol, have been used topically as

ocular hypotensive agents for more than a century (1-3). They lower intraocular
pressure (IOP) presumably by contracting the ciliary muscle (4) , which in turn
increases the trabecular outflow of aqueous humor.

Topical administration of cholinergic agonists is safe. Due to the low
systemic concentration of the drug after topical uses, systemic side effects rarely
occur (3). However, ocular side effects of muscarinic agonists are common, which
limits the acceptability of these compounds. Adverse reactions to pilocarpine and
carbachol include miosis (due to the contraction of the iris sphincter), myopia
(contraction of the ciliary muscle), temporal and supraorbital headache (supposedly
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secondary to the contraction of the ciliary muscle). Attempts, such as the
exploitation of pharmacokinetic properties of the compounds, have been made to
minimize these side effects, with only limited success. However, there is recent
evidence suggesting that separation of the IOP-lowering effect and ocular side
effects of cholinergics is feasible. For example, aceclidine, another muscarinic
agonist, is as effective and potent as pilocarpine at lowering IOP in humans, but
is much more potent as a miotic and does not produce much accommodation (5-8). In
the monkey, aceclidine also increases facility of aqueous outflow with minimal
accommodative effect (9). Furthermore, in the monkey, the increase in outflow
facility produced by pilocarpine was reversed by atropine in two phases, a fast
phase and a slow one. Yet the reversal of accommodation exhibited only a fast phase
(10). This separation of muscarinic effects could be explained by the presence of
different muscarinic receptor subtypes, each of which mediates different actions of
the agonists.

Indeed, during the last several years, messenger RNAs of five muscarinic
receptor subtypes were discovered (11, 12). They are named ml to m5, in which ml,
m2 and m3 correspond to the Ml, M2 and M3 receptor subtypes that were defined by
affinity profiles of selective antagonists. Since both carbachol and pilocarpine
are nonspecific among the five receptors, it is possible, as stated before, that the
IOP-lowering effect and the ocular side effects of muscarinics involve different
receptor subtypes. If this hypothesis is true, then a selective agonist properly
chosen could be highly effective in lowering IOP and have minimal miotic or
accommodative actions. Initial steps in testing this hypothesis are to define the
distribution of the various receptor subtypes in the eye and to confirm the
involvement of the receptors in the various ocular actions of muscarinic agonists.
Several published studies tried to address these issues (13-17) . In this report we
used the cultured human ciliary muscle cells and attempted to elucidate the
muscarinic receptor subtype that mediates the carbachol-induced contraction of the
muscle cells as well as the activation of phospholipase C (PLC).

METHODS

Cell Culture

Human ciliary muscle cells were isolated and characterized as described earlier
(18). The cells were cultured at 37°C and 5% C02, in Dulbecco's modified Eagle's
medium (Gibco BRL, Grand Island, NY) with 10% fetal calf serum (Hyclone, Logan, UT) ,

supplemented with 4 mM L-glutamine (Gibco BRL) and 50 /jg/ml gentamicin (Gibco BRL).
Cells were subcultured following trypsinization. They were shown to be free of
mycoplasma contamination (assayed by MycoTect Mycoplasma Detection Kit, Gibco BRL).

Cell Contraction Assay

Single cell contraction assay of the ciliary muscle cells were performed
according to the procedure of Pang et al (19). Briefly, on the day of study, the
cells (of passages 8 to 12) were partially detached from the plastic cultured dish
(Costar, Cambridge, MA) by replacing the medium with a nonenzymatic cell
dissociation buffer (catalog no. C-5914, Sigma, St Louis, MO) and incubated at 37°C
for 30-40 min. Carbachol (Research Biochemicals Inc., Natick, MA) was then added.
In some experiments, an antagonist such as atropine sulfate (Sigma), Pirenzepine HC1
(Research Biochemicals Inc.) or 4-diphenylacetoxy-N-methylpiperidine methiodide
(4DAMP, Research Biochemicals Inc.) was added 5 min before the addition of
carbachol. Photomicrographs were taken at time intervals throughout the
experiments. The cross-sectional surface areas of the cells were obtained by
projecting the cell images of each photograph through a video camera onto a monitor
screen of a personal computer. The cell images were then manually outlined, and the
surface areas enclosed by the outlines were quantified using an image-analysis
software (BioQuant, R & M Biometrics, Inc., Nashville, TN). A decrease in cross-
sectional surface area of the cells was interpreted as an indication of cell
contraction. To normalize the changes, relative areas of the cells were used. The
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relative area of a cell was defined as the surface area at the indicated time point
divided by the surface area at time 0 of the same cell.

Phospholipase C Assay

For PLC activity assay, the ciliary muscle cells (of passages 10 to 14) were
cultured on 24-well plates (confluent monolayer, 7 to 8 x 105 cells/well) and
incubated with [3H] myoinositol (Amersham, Arlington Heights, IL, 5 uCi/ml/well) in
a serum-free mixture (1:1) of Dulbecco's modified Eagle's medium: nutrient mixture
F12 for two days. On the day of study, free radioactive inositol was removed by
rinsing the cells four times with 1 ml serum-free medium containing 10 mM LiCl
(Mallinckrodt, Paris, KY) . Agonists were added 10 min later. In some studies,
antagonists were added 5 min prior to agonists. At the indicated time after the
agonist was added, the reaction was stopped by replacing the medium with 0.5 ml of
5% perchloric acid (Baker, Philipsburg, NJ) . Samples were placed on ice for at
least 10 min. The perchloric acid was removed from the cell lysate by extraction
with 2 ml 1:1 mixture of 1,1,2-trichloro-trifluoro-ethane (Sigma):tri-n-octylamine
(Sigma). After extraction, the aqueous layer was loaded onto 1 ml columns of
formate-equilibrated BioRad AG 1x8 anion exchange resin (BioRad, Richmond, CA) . The
columns were washed with 10 ml of water, followed by 8 ml of 50 mM formic acid
(Sigma). The bound inositol phosphates were eluted with 4 ml of 1.2 M ammonium
formate (Sigma) in 0.1 M formic acid and the incorporated tritium was monitored by
scintillation counting. In recent experiments, this assay procedure was simplified
such that the reaction was stopped by replacing the cell medium with 0.5 ml of 50
mM formic acid instead of perchloric acid. The cell lysate was then directly loaded
onto the anion exchange column and eluted as described. The two assay procedures
generated similar results.

Materials

Other compounds, such as p-fluoro-hexahydro-sila-difenidol (HHSiD),
methoctramine HC1, oxotremorine-M, pilocarpine HC1 and pirenzepine 2HC1 were

obtained from Research Biochemicals Inc. Aceclidine was obtained from Alcon, Ft
Worth, TX.

RESULTS

Cell Contraction

As shown in Figure 1, the cross-sectional surface areas of most of the human
ciliary muscle cells decreased 5 and 10 min after carbachol (100 pM) treatment. No
significant change in cell area was observed during the 5-min period before the
agonist was added. This change in cell surface area was interpreted as an

indication of contraction. The cellular contraction was obvious within 1 min of
carbachol treatment, and the surface area stabilized at approximately 10 min after
the application of the muscarinic agonist (19). This carbachol-induced contraction
was dose dependent. As demonstrated in Figure 2A, 0.1 /jM of carbachol was
ineffective in producing contraction of the muscle cells, whereas 1 /jM caused a

partial contraction (ie, the area of the cells decreased to 70% of the initial
surface area). Higher concentrations of carbachol induced additional contraction
of the cells: 10 and 100 uM of the agonists reduced the cells to 40-50% of their
original sizes. A dose-response curve could be constructed by plotting the relative
areas of the cells 10 min after carbachol treatment versus the concentration of
carbachol used (Fig. 2B). The effective dose of carbachol for 50% of the maximal
effect was estimated to be 1-3 uM. The carbachol-induced contraction was apparently
mediated by muscarinic cholinergic receptors. Pilocarpine, another muscarinic
agonist, also caused the isolated ciliary muscle cells to contract (relative area
at 10 min, 60 ± 5% [mean ± SEM, n=7] after 0.1 mM pilocarpine treatment).
Furthermore, the effect of 1 mM carbachol was completely blocked by pretreatment of.
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5 min before carbachol 10 sec before carbachol

5 min after 100 uM carbachol 10 min after 100 uM carbachol

FIGURE 1 . Photomicrographs of human ciliary muscle cells during contraction induced
by carbachol.

the cells with 1 pM of atropine, a muscarinic antagonist (data not shown).
To clarify the involvement of the muscarinic receptor subtypes in the induction

of contraction, receptor-selective antagonists were used to block the effect of
carbachol. 4DAMP, an antagonist selective for both Ml and M3 receptor subtypes, was

very potent in preventing the carbachol-induced contraction (Fig. 3). Thus,
pretreatment of the cells for 5 min with 0.1 nM 4DAMP completely blocked the
contractile effect of 10 ßM of carbachol but not that of 100 pM or 1 mM of carbachol
(Fig. 3B) . Effects of higher concentrations of carbachol were antagonized by
increasing amounts of 4DAMP (Fig. 3C and 3D) . Dose response relationship of
carbachol in the presence of various concentrations of 4DAMP summarizes these
results (Fig. 5, upper panel). It is obvious that pretreatment of 4DAMP (0.1 to 10
nM) caused sequential rightward shifts of the potency of carbachol, indicating that
4DAMP is a potent and competitive antagonist for the muscarinic effect. The pA2
calculated (according to ref. 20) from the observed shifts of the carbachol potency
is 10.5. Since 4DAMP is an antagonist for both the Ml and M3 receptor subtypes, it
is necessary to further differentiate the involvement of the two receptor subtypes.
Pirenzepine is another potent muscarinic antagonist. At low concentrations, it is
selective for the Ml receptor (pKi = 8)(11), whereas at higher concentrations (100
nM or higher), it also binds significantly to other muscarinic receptors and thus
becomes nonselective. In the isolated human ciliary muscle cells, pirenzepine, at
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FIGURE 2. Effects of various doses of carbachol on ciliary muscle cell contraction.
(A) Time courses of changes. Symbols represent the mean ± SEM of seven cells at
each dose. At 15 min, carbachol (100 ßft) was added to some of the samples to
demonstrate their full contraction capability. (B) Dose-response curve of carbachol.
The relative areas at 10 min after carbachol treatment are presented here. Symbols
represent the mean ± SEM of seven cells. Reprinted with permission from ref. 19.

concentrations 10,000 fold higher than that of 4DAMP, was effective in blocking the
contraction induced by carbachol (Fig. 4 & 5, lower panel). The calculated pA2 for
pirenzepine in this assay is 7.2, indicating that an Ml receptor was not essential
in mediating the carbachol action.

Phospholipase C Activity

In smooth muscle cells, contraction can be a result of activation of PLC by

129



CO
<v
u
<

> -10 0 10 20 -10 0 10 20

cd

0.2

Time (min)
FIGURE 3. Effects of 4DAMP on the contractile action of carbachol (CCH). At the
indicated time points, cells were pretreated with vehicle or 4DAMP before the
addition of carbachol. The pretreatments were vehicle (A), 0.1 nM 4DAMP (B), 1 nM
4DAMP (C) or 10 nM 4DAMP (D) . Dosages of carbachol used were 0 uM (closed
triangles) , 10 uM (open triangles) , 100 pl/l (closed circles) and 1 mM (open circles) .

Each symbol represents mean relative area ± SEM of seven cells.

agonists. Consequently, the effects of muscarinic agonists on PLC in these cells
were tested. Carbachol (100 uM) treatment activated the PLC for at least two hours
as indicated by the continuous accumulation of inositol phosphates (data not shown).
During this period, no significant desensitization of the receptor or depletion of
the enzyme substrate was detected. Therefore, for the sake of convenience, one hour
was chosen as the standard incubation time for the following studies. Muscarinic
agonists, such as carbachol, oxotremorine-M, pilocarpine and aceclidine, stimulated
the production of inositol phosphates in a dose dependent manner. Typical dose-
response curves are shown in Figure 6. Carbachol (1 mM) increased the accumulation
of inositol phosphates in human ciliary muscle cells by approximately 10 fold from
a basal level of 439 ± 67 cpm/well (mean ± SEM from 10 duplicated studies) to 4633
± 593 cpm/well. Similar maximal stimulation was also seen with oxotremorine-M,
another full agonist of the muscarinic receptor. Pilocarpine and aceclidine are

partial agonists of the muscarinic agonist, such that their maximum effects are only
fractions of that of a full agonist. We also observed the same phenomenon in their
stimulation of PLC in the ciliary muscle cells. Table 1 presents the mean
calculated EC50 values and the maximal effects of these compounds in relation to
that of carbachol.
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FIGURE 4. Effects of pirenzepine (przp) on the contractile action of carbachol
(CCH). At the indicated time points, cells were pretreated with vehicle or

pirenzepine before the addition of carbachol. The pretreatments were vehicle (A),
1 /jM pirenzepine (B) , 10 ßM pirenzepine (C) or 100 ßM. pirenzepine (D) . Dosages of
carbachol used were 1 ßM (closed triangles), 10 ßM (open triangles) , 100 ßM (closed
circles) and 1 mM (open circles). Each symbol represents mean relative area ± SEM
of seven cells.

To clarify the involvement of the muscarinic receptor subtypes in the
activation of PLC, the following receptor-selective antagonists were used to block
the effect of carbachol: pirenzepine, selective for the Ml receptor subtype;
methoctramine, selective for M2 ; HHSiD, selective for M3; 4DAMP, for both Ml and M3;
and atropine, a nonspecific antagonist. Figure 7 shows typical inhibition curves

for some of the antagonists tested. The inhibition coefficient (Ki) of each compound
was calculated with the equation: Ki=IC50/(l+[carbachol]/(EC50 of carbachol)) (21).
Results are presented in Table 2. It is clear that the most potent subtype-
selective antagonists in preventing the carbachol-induced PLC activation were 4DAMP
and HHSiD, suggesting that the M3 receptor subtype was essential in mediating the
muscarinic effect in the ciliary muscle cells.

DISCUSSION

In the cultured human ciliary muscle cells, muscarinic cholinergic agonists,
such as carbachol, at concentration as high as 1 mM, did not affect the activities
of nucleotide cyclases though adenylyl and guanylyl cyclase activities were detected
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FIGURE 5. Dose response relationship of carbachol in the presence of 4-DAMP (upper
panel) or pirenzepine (lower panel). Cells were pretreated with different
concentrations of 4-DAMP or pirenzepine for 5 min before the addition of carbachol.
The relative areas at 10 min after carbachol treatment are presented here. Bars
represent mean ± SEM of seven cells.

in these cells as indicated by the stimulation induced by isoproterenol or sodium
nitroprusside, respectively (unpublished observation). Instead, muscarinics
activated PLC, increased intracellular concentration of calcium (unpublished
observation) and caused cell contraction. We have reported here the results of
their effects on PLC and contraction of these cells.

Carbachol decreased the cross-sectional surface area of the ciliary muscle
cells. We interpreted this surface area change as an indication of cell contraction
instead of volume change, because incubation of the cells in a hyperosmotic
solution, a treatment known to cause shrinkage of the cell volume, only flattened
the cells without significant decrease of the cross-sectional surface area (19) .
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FIGURE 6. Dose response curves of muscarinic agonists on the activation of
phospholipase C in the human ciliary muscle cells. Each symbol represents datum
from a single sample.

TABLE 1
Activation of Phospholipase C in The Human Ciliary Muscle Cell

Agonist mean EC50 log[EC50] ± SEM Max* ± SEM
(%)

Carbachol

Oxotremorine-M

Aceclidine

Pilocarpine

10

3

3

3

20.0 ßM
6.9 ßM
13.1 ßM
2.1 ßM

-4.70 ± 0.06

-5.15 ± 0.03

-4.88 ± 0.06

-5.57 ± 0.12

100

121 ± 2

31 ± 1

13 ± 1

*: Maximal effect of the agonists as compared to that of carbachol, which defines
100%.

TABLE 2
Inhibition coefficients of Selective Muscarinic Antagonists on

Carbachol-induced Phospholipase C in The Human Ciliary Muscle Cells

Antagonist
Atropine

Pirenzepine
4DAMP

HHSiD

Me thoc tramine

pKi ± SEM

9.12 ± 0.10

6.76 ± 0.05

9.46 ± 0.24

7.57 ± 0.11

< 6.0
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pretreated with various concentrations of the antagonists before treated with 100
pH of carbachol. Each symbol represents a single sample.

Thus, carbachol induced contraction of ciliary muscle cells in a dose-dependent and
time-dependent manner. Its effect was mimicked by pilocarpine and antagonized by
atropine, indicating that the effect was mediated by a muscarinic cholinergic
receptor. Similarly, the activation profile of PLC by the various agonists also
agreed with published characteristics of muscarinic receptor-mediated actions.

In other smooth muscles, the activation of PLC by agonists can cause

contraction. It is likely, yet unproven, that in the ciliary muscle cells, the
contraction induced by muscarinic agonists is the result of the activation of PLC.
The difference in the EC50 values of carbachol for the activation of PLC and
contraction can be explained by the "spared receptor" concept, or, more accurately,
the "spared second messenger" concept. Thus, activation of only a small fraction
of the PLC may be sufficient to induce a full contraction response. Nevertheless,
we cannot exclude the possibility that the two muscarinic actions were activated
independently. Clarification awaits future studies.

Both the carbachol-induced changes in PLC activity and cell contraction were

competitively inhibited by antagonists. The relative potency of the antagonists for
PLC activation was 4DAMP = atropine > HHSiD > Pirenzepine » methoctramine.
Accordingly, in the contraction assay, 4DAMP was a much more potent antagonist than
pirenzepine. Based on the affinity profiles of these selective antagonists, the M3
or an M3-like receptor subtype was essential in the carbachol-induced activation of
PLC and cell contraction. These findings agree with the published data in that the
M3 receptor is important for functions of the ciliary muscle. In the human ciliary
muscle, by using autoradiography and in situ hybridization, Gupta et al showed that
ml/Ml and m3/M3 receptor subtypes are present (14). The messenger RNA of the m3
receptor was detected by Northern blot in the cultured human ciliary muscle cells
and post mortem tissue (13,15). Furthermore, WoldeMussie et al (17) demonstrated
that the muscarinic binding sites in these cells were most likely M3 receptors and,
similar to our findings, the muscarinic agonist-induced PLC activation was mediated
by an M3-like receptor. Interestingly, the m3/M3 receptor is also shown to be the
most common muscarinic receptor subtype in the iris sphincter (14,17), implying that
this receptor likely mediates the muscarinic agonist-induced miosis. Indeed, Gabelt
and Kaufman (16) demonstrated that in the perfused monkey eye, 4DAMP was the most
potent antagonist in blocking the increase in aqueous outflow facility,
accommodation and miosis caused by pilocarpine, showing that an M3-like receptor is
essential in all of the actions of pilocarpine. Thus, it appears that the M3
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receptor mediates muscarinic agonist-induced contractions of both the iris sphincter
and the ciliary smooth muscles. If it is proven true, separation of the IOP-
lowering effect and the ocular side effects of muscarinic compounds by using
receptor subtype selective agonists will be theoretically impossible. This
conclusion cannot reconcile with findings that aceclidine has different potencies
for miosis, accommodation and outflow facility (5-9). It may also contradict the
apparent two-component mode of the pilocarpine-induced increase in aqueous outflow
facility (10). A potential explanation is that structures, which express other
receptor subtypes, besides the ciliary muscle are also involved in the cholinergic-
mediated aqueous outflow effects. Clarification of this hypothesis requires future
studies on other ocular tissues, such as the trabecular meshwork, and in vivo
experiments using receptor subtype-selective agonists when they become available.
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