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ABSTRACT. The purpose of the present study was to examine the mechanism of the stimulatory effect of
substance P (SP) on cyclic AMP (cAMP) accumulation in dog iris sphincter. We found that: (1) SP increased
cAMP accumulation in a time- and concentration-dependent manner, the T\, and ECs, values being 1.2 min
and 44 nM, respectively. SP has no effect on inositol trisphosphate and muscle contraction in this tissue. (2)
SP-stimulated cAMP formation was inhibited by quinacrine, a non-specific phospholipase A, inhibitor (1C54 =
9.5 uM), and by indomethacin (Indo), a cyclooxygenase inhibitor (ICs, = 3.5 nM), in a concentration-
dependent manner, suggesting that SP induces cAMP accumulation via an Indo-sensitive pathway. (3) SP-
induced arachidonic acid release and SP-induced prostaglandin E, (PGE,) release were inhibited concentration
dependently by quinacrine and Indo, with 1C5, values of 11 uM and 0.8 nM, respectively. (4) PGE, (1 pM)
increased cAMP formation in the sphincter muscle by 94%, and, furthermore, the PG, but not SP, stimulated
the activity of adenylyl cyclase in membrane fractions isolated from this tissue. (5) Indo (1 wM) blocked the
relaxing effect of SP (1 uM) in iris sphincter precontracted with carbachol (1 pM). (6) The inhibitory effect
of Indo on SP-induced cAMP accumulation was species specific. Increases in cAMP represent a mechanism by
which extracellular SP can regulate smooth muscle function. Thus, we conclude from these studies that in dog
iris sphincter SP-induced cAMP accumulation is mediated through PGs, and that in this cholinergically inner-
vated muscle SP via cAMP could function, in part, to modulate the physiological responses to muscarinic
receptor stimulation. BIOCHEM PHARMACOL 52;8:1261-1269, 1996.
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SP,t which is currently the best characterized of the tachy- coupled receptor family. Studies on the SP receptor stably
kinins, is an 11 amino acid peptide that belongs to the expressed by DNA transfection into CHO cells and exam-
tachykinin family of neuropeptides. It is produced by neu- ined for its ability to stimulate IP; and cAMP formation
rons in the central and peripheral nervous system where it revealed that SP activates the production of both second
is mostly localized in the nerve terminals [1, 2]. Extensive messenger molecules in a concentration-dependent manner
research has been performed on the pharmacological effects [7). In a similar study Nakajima et al. [8] reported that in
of tachykinins, especially SP. Neurotransmitter, neuro- CHO cells expressing three different tachykinin receptors
modulator, and other reported functions of SP include con- the stimulation of cAMP accumulation is much less effi-
traction of smooth muscle, stimulation of secretion, neuro- cient in all three receptors and requires about one order of
transmitter effects, pain transmission (nociception), vascu- magnitude higher of the peptides than that required for the
lar effects, immunomodulation, and cell proliferation [3, 4]. IP, production. SP-induced cAMP accumulation is not a

In the past few years, the molecular cloning of comple- consistent observation in various cells and tissues where the
mentary DNAs encoding rat and human SP receptors has SP receptor is expressed, although it has been observed in
been accomplished [5, 6], and it is well established now that certain tissues such as brain [9], iris sphincter smooth
this receptor is a member of the GTP binding protein- muscle, depending on the species [10], and CHO cells ex-

pressing SP receptors [7, 8]. In this connection, several
years ago Maggio [2] concluded that a direct adenylate cy-

* Corresponding author: Tel. (706) 721-3364; FAX (706) 721-6608. clase response to a tachykinin had not yet been convinc-
t Abbreviations: SP, substance P; IP;, inositol 1,4,5-trisphosphate; ingly demonstrated; however, this conclusion should now
cAMP, cyclic AMP; AA, arachidonic acid; PG, prostaglandin; Indo, in- be modified to take into account the more recent work

domethacin; IBMX, 3-isobutyl-1-methyl-xanthine; TCA, trichloroacetic .
acid; and RIA, radioimmunoassay. done with the cloned receptors (7, 8].

Received 20 November 1995; accepted 6 May 1996. In the eye, SP is ubiquitous in all ocular tissues, and its



1262

distribution varies among different species [4, 11]. In rabbit
eye, it is probably a peripheral sensory transmitter affecting
a miosis [12}, and it is a strong miotic, both when infused
intracamerally or when applied to an isolated iris sphincter
preparation [10, 13-15]. In iris sphincter, SP induces IP;
production and contraction in a concentration-dependent
manner in rabbit, bovine, and pig, and it induces cAMP
accumulation in a concentration-dependent manner in
dog, cat, and human but has no effect on IP; and contrac-
tion in these species [10]. In addition, SP induces relaxation
in dog iris sphincter precontracted with carbachol, suggest-
ing the involvement of cAMP [10]. Very recently, we found
that endothelin-1-stimulated cAMP accumulation in iris
sphincter [16] and in ciliary muscle [17] isolated from dif-
ferent mammalian species is mediated by the enhanced re-
lease of endogenous PGs. In the present study, we report
that SP induced cAMP formation in dog iris sphincter, and
that this activation of adenylyl cyclase by the neuropeptide
was mediated by the enhanced production of endogenous

PGs.

MATERIALS AND METHODS
Materials

In general, the methodology used here is the same as de-
scribed previously [16-19]. Chemicals used were obtained
from the following sources: SP, Indo, quinacrine (mepa-
crine), and IBMX (Sigma Chemical Co., St. Louis, MO);
PGs (Cayman Corp., Ann Arbor, MI); 12SI—PGEZ and '%°L-
cAMP RIA kits (Advanced Magnetics, Boston, MA); and
PHIAA (100 Ci/fmmol) (New England Nuclear, Boston,
MA). All other chemicals were of reagent grade.

Animals and Preparation of Iris Sphincter

Dog eyes were obtained through the courtesy of the Rich-
mond County Animal Control (Augusta, GA). Generally,
we obtained the eyes within 1 hr after the animals were
killed. Eyes were enucleated immediately after death and
were transported to the laboratory packed in ice. The iris
sphincter was dissected out and placed in modified Krebs—
Ringer bicarbonate buffer of the following composition
(mM): NaCl, 118; NaHCO;, 25; KCl, 4.7; KH,PO,, 1.2;
MgSO,, 1.2; CaCl,, 1.25; D-glucose, 10. The oxygenated
Krebs—Ringer bicarbonate buffer was used as the incubation
medium in the following studies. The pH of the buffer was
adjusted and maintained at 7.4 with 97% O,/3% CO,. In
general, each muscle was cut into four equal strips, one strip
served as a control and the other as experimental. We
routinely tested the contractility of the muscle with carba-
chol before the effects of SP on the pharmacological re-
sponses were investigated.

Incubation and Assay of cAMP

Muscles were preincubated in 1 mL buffer containing 0.1

mM IBMX for 10 min at 37°. Then SP was added and
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incubation continued for another 5 min or as indicated.
Indo, a cyclooxygenase inhibitor, and quinacrine, a non-
specific phospholipase A, inhibitor, were added 10 min
prior to the addition of SP. The incubations were stopped
by the addition of 1 mL of 10% (w/v) TCA. After appro-
priate dilutions of the supernatant, cAMP in the sample
was succinylated and then assayed by RIA [20].

Assay of Release of Endogenous PGE,

Muscles were incubated in 1 mL of Krebs—Ringer bicarbon-
ate buffer (pH 7.4) for 15 min at 37°. Then SP was added
as indicated and after 5 min of incubation PGE, was as-
sayed in the medium by RIA as described previously [21].
The amounts of PGE, in each sample were determined by
interpolation from the standard curve. The rate of PGE,
release is presented as the amount of PG/mg protein/5 min.

Assay of [’HJAA Release

Muscles were first prelabeled with [PHJAA; then the effects
of SP on AA release were investigated. The muscles were
incubated in 1 mL buffer containing 1 pCi PHJAA/mL for
90 min at 37°. The tissues were washed five times with
nonradioactive buffer, then incubated for an additicnal 15
min in the same buffer. Incubations with quinacrine were
for 10 min. Then SP (1 uwM) was added as indicated, and
incubations were continued for an additional 5 min. The
reactions were terminated by the addition of 10% formic
acid. Then the acidified medium was extracted with ethyl
acetate, and PHJAA in the extract was analyzed by radio-
chromatography as previously described [22]).

Assay of Adenylyl Cyclase
Activity in Dog Iris Sphincter Membranes

The methods of homogenization, and subcellular fraction-
ation of microsomal preparations were essentially as de-
scribed previously [19]. Adenylyl cyclase activity in the
membrane fraction was assayed according to the procedure
of Mittag et al. [23]. Briefly, the enzyme activity was deter-
mined in a total incubation medium of 250 pL that con-
tained 60 mM sucrose, 80 mM Tris buffer (pH 7.4), 2 mM
MgCl,, 1 mM EDTA, 0.2 mM EGTA, 5 mM creatine phos-
phate, 125 pg creatine phosphokinase, 20 pM GTP, 2 mM
IBMX, 0.2 mM ATP, 2.5 uM Indo, and membrane suspen-
sion (15-25 pg protein). Incubations were carried out at
37° for 10 min, and the reactions were stopped by the
addition of 10% TCA. cAMP formation was determined in
the TCA extract by RIA.

Measurement of Contraction
Response in the Sphincter Muscle

For measurements of the contraction response, the muscles
were mounted individually in separate organ baths (10 mL)
containing oxygenated Krebs—Ringer bicarbonate buffer,
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which was maintained at 37°. The tissue was allowed to
equilibrate for 90 min under a resting tension of 50 mg.
During this period, the medium was replaced with fresh
buffer every 30 min. After equilibration of the tissue, the
agonist was added, and changes in tension were monitored
continuously with a Grass FT-03 force transducer con-
nected to a Grass d.c. amplifier.

Determination of Proteins

Protein content was determined by the method of Lowry et
al. [24] with bovine serum albumin as a standard.

Calculation of Data and Statistics

Results are expressed as means + SEM. Values for cAMP
are reported as picomoles per milligram of protein and for
PGE, as nanograms per milligram of protein. The ECsg
value is defined as that concentration of the agonist that
produces 50% of maximum response. Statistical differences
between the two means were determined by a paired Stu-
dent’s t-test. When P was <0.05, the values were considered
to be significantly different.

RESULTS
Time Course of SP-induced cAMP Formation

Addition of 1 pM SP increased cAMP formation in dog iris
sphincter in a time-dependent manner with a T/, value of
1.2 min (Fig. 1). The peptide induced a 30% increase in
cAMP accumulation by 1 min and reached about 83% in-
crease within 5 min. Based on these observations, in the
experiments described below we used 5-min incubations
with the agonist.

Concentration—Response Effect of
SP on Intracellular cAMP Formation

SP-stimulated cAMP formation was concentration depen-
dent (107°-107> M) with an ECs, of 4.4 x 107 M (Fig. 2).
Maximal increase in cAMP accumulation was obtained at
1-10 uM concentrations of the peptide.

Concentration-Response Effect of
Indo on SP-Induced cAMP Formation

Indo, a cyclooxygenase inhibitor, inhibited SP-stimulated
cAMP formation in a concentration-dependent manner
(107°=107% M) with an 1Csq of 3.5 nM (Fig. 3). This finding
suggests involvement of endogenous PGs in the SP-induced
cAMP formation.

Concentration-Response Effect of SP on PGE, Release

SP increased PGE, release in a concentration-dependent
manner (107°-107> M) with an ECsy of 80 nM (Fig. 4).
Maximal increase in PGE, release was seen at 1-10 pM
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FIG. 1. Time—course of SP-induced cAMP formation in dog
iris sphincter. Muscles were preincubated in Krebs-Ringer
bicarbonate buffer (pH 7.4) that contained 0.1 mM IBMX
for 10 min at 37°. Then SP (1 pM) added, and incubations
were continued for various time intervals as indicated.
cAMP was determined in the TCA-soluble extracts by RIA
as described in Materials and Methods. The basal value for
cAMP formation in the dog sphincter was 268 + 30 pmol/mg
protein. The results are means + SEM, N = 12.
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FIG. 2. Concentration-response effects of SP on intracellu-
lar cAMP formation. Incubation conditions were the same
as described under Fig. 1 except that different concentra-
tions of SP were added as indicated and the time of incuba-
tion with SP was 5 min. The basal value for cAMP forma-
tion in the iris sphincter was 312 + 32 pmol/mg protein. The
results are means + SEM, N = 13.
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concentrations of the neuropeptide. SP also increased
PGF,,, release (data not shown).

Concentration-Response Effect

of Indo on SP-Induced PGE, Release

Indo inhibited SP-induced PGE, release in a concentra-
tion-dependent manner with an ICs, of 0.8 nM (Fig. 5). At
10 nM, Indo completely abolished the stimulatory effect of
the neuropeptide on PGE, release.

Effects of Various PGs on cAMP Formation

If PGs do mediate the stimulatory effects of SP on cAMP
formation in dog iris sphincter, then one must assume that
this occurs through activation of adenylyl cyclase by the
eicosanoids. As can be seen from Table 1, PGE, and PGD,
increased cAMP formation in a concentration-dependent
manner. At 1 uM, PGE, and PGD, increased cAMP for-
mation by 94 and 66%, respectively. In contrast, PGF,, had
little effect on cAMP formation in this tissue.

Concentration—Response Effect
of Quinacrine on SP-Induced cAMP Formation

Quinacrine, a non-specific phospholipase A, inhibitor, in-
hibited SP-induced cAMP formation in a concentration-
dependent manner with an 1C5y of 9.5 uM (Fig. 6). These

1707
160 6\|

150

1401
1C50=3.5x10-9M
1304

120

110

Intracellular cAMP Formed (% of Controf)

100 === == - mm s o n B - Do

“

50—( i it T T
0 9 8 7

-Log Indomethacin, M

FIG. 3. Concentration-response effect of Indo on SP-
induced cAMP formation. Incubation conditions were the
same as described under Fig. 2 except that different concen-
trations of Indo were added 10 min before the addition of SP
(1 pM). The time of incubation with SP was 5 min. The
control value for cAMP (in the presence of 1 pM SP) was
465 = 32 pmol/mg protein. The results are means + SEM,
N=12.
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FIG. 4. Concentration-response effect of SP on PGE, re-
lease in dog iris sphincter. Muscles were incubated in 1 mL
buffer for 15 min at 37°. SP was then added as indicated,
and after 5 min of incubation PGE, was assayed in the me-
dium by RIA as described in Materials and Methods. The
basal value for PGE, release was 25 + 2 ng/mg protein. The
results are means + SEM, N = 7.

results suggest involvement of phospholipase A, in the SP-
induced cAMP formation.

Concentration-Response Effect
of Quinacrine on SP-Induced AA Release

[t is well established that PG formation is preceded by a
lipolytic process to release free AA from membrane phos-
pholipids. To investigate the mechanism of action of SP on
AA release, the muscle was prelabeled with PH]AA, and

the effects of SP and quinacrine on the release of radioac-
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FIG. 5. Concentration-response effect of Indo on SP-
induced PGE, release in dog iris sphincter. Incubation con-
ditions were the same as described under Fig. 4 except that
the tissue was preincubated with different concentrations of
Indo as indicated for 10 min and then incubated with SP (1
pM) for 5 min. The control value for PGE, (in the presence
of 1 pM SP) was 37 £ 2.5 ng/mg protein. The results are
means x SEM, N = 10.
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TABLE 1. Effects of PGs on intracellular cAMP formation in
dog iris sphincter

Concentration cAMP formation
Additions (nM) (% of control)
PGE, 0.1 156 + 9%
1 194 + 6*
10 221 + 17*
PGD, 0.1 152 + 11*
1 166 + 8*
10 190 + 8*
PGF,,, 0.1 102 +2
1 109 + 4
10 124 + 8*

Dog iris sphincters were incubated in the presence of different concentrations of PGs
for 5 min at 37°. cAMP was determined in the TCA-soluble extracts by RIA as
described in Materials and Methods. The basal value for cAMP formation was
300 + 25 pmol/mg protein. The results are means + SEM, N = 12.

* Significantly increased by PGs compared with the control incubation, P < 0.05.

tivity were determined by radiochromatography. As can be
seen from Fig. 7, SP (1 pM) increased the release of
PHJAA by about 31%, and this increase was blocked by
quinacrine in a concentration-dependent manner with an
IC5o of 11 pM. While these results could suggest the in-
volvement of phospholipase A, in SP-induced AA release,
caution should be exercised in the interpretation of results
obtained using quinacrine, a non-specific phospholipase A,

inhibitor {25, 26].

Effect of SP on Adenylyl Cyclase Activity
in Membranes Isolated from Dog Iris Sphincter

To elucidate the mechanism by which SP stimulates cAMP
formation in dog iris sphincter, we investigated the effects
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FIG. 6. Concentration-response effect of quinacrine on SP-
induced cAMP formation in dog iris sphincter. Incubation
conditions were as described under Fig. 2 except that differ-
ent concentrations of quinacrine were added 10 min before
the addition of SP (1.0 pM). Time of incubation with SP was
5 min. The basal value for cAMP formation in iris sphincter
was 300 + 25 pmol/mg protein. The results are means =
SEM, N = 12.
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FIG. 7. Concentration-response effect of quinacrine on SP-
induced [*H]AA release by dog iris sphincter. Muscles were
incubated in 1 mL Krebs-Ringer bicarbonate buffer (pH
7.4) that contained 1 pCi [*H]JAA for 90 min at 37°. The
tissues were washed five times with nonradioactive buffer,
then incubated for another 15 min in the same buffer. Dif-
ferent concentrations of quinacrine were added as indi-
cated, and incubations were continued for 10 min. Then SP
(1 pM) added, and incubations were continued for an addi-
tional 5 min. The incubations were terminated by the addi-
tion of 10% formic acid, and [*H]JAA released into the me-
dium was analyzed by radiochromatography. The basal
value for the release of [*’H]JAA by iris sphincter was 3840 =
90 dpm/mg protein. The results are means + SEM, N = 12.

of this neuropeptide on adenylyl cyclase activity in micro-
somal fractions (Table 2). The activity of the enzyme was
assayed in the presence of GTP (20 pM) and Indo (2.5
pM). SP was ineffective in stimulating the enzyme at both
concentrations (1 and 5 pM) tested. On the other hand,
the PGs and isoproterenol, which served as positive con-
trols, stimulated significantly the activity of the enzyme.
These results could suggest that SP receptors are not di-
rectly coupled to adenylyl cyclase in this tissue.

TABLE 2. Effects of substance P and other cAMP elevating
agents on adenylyl cyclase activity in membranes isolated
from dog iris sphincter

Adenylyl cyclase activity

Additions (% of control)
SP (1 uM) 1003

SP (5 pM) 1109
PGE, (1 uM) 142 £ 6%
PGD, (1 uM) 124 £ 8*
Isoproterenol (1 wM) 155 + 14*

Adenylyl cyclase assay was performed as described under Materials and Methods. The
basal value for the cyclase activity was 66 + 8 pmol of cAMP formed/p.g protein/10
min. The results are means + SEM, N = 9.

* Significantly increased by the agonists compared with the control incubation, P
< 0.05.
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Effects of SP in the Absence and Presence
of Indo on Carbachol-Induced Muscle Contraction

Since in smooth muscle cAMP is involved in muscle re-
laxation, it was of interest to determine whether SP could
function to induce relaxation in the dog iris sphincter. Ad-
dition of SP (1 uM) in the absence of Indo inhibited car-
bachol-induced contraction by 25% (from 21.2 to 15.9 mg
tension/mg wet weight tissue) (Fig. 8A). However, prein-
cubation of the muscle with Indo (1 wM) inhibited the
relaxing effect of SP on carbachol-induced muscle contrac-
tion (Fig. 8B). This observation suggests that SP-induced
muscle relaxation may be mediated through the release of
AA metabolites. Further studies on a concentration—
response of Indo on SP-induced muscle relaxation were
unsuccessful (data not shown). We also found that exog-
enous PGE; (1 uM) had little effect on carbachol-induced
muscle contraction, whereas PGF,, potentiated the con-
tractile response in a concentration-dependent manner in
this tissue {data not shown).

DISCUSSION

In dog iris sphincter, SP markedly stimulated the release of
AA and PG synthesis, enhanced significantly the intracel-
lular concentration of cAMP, and induced muscle relax-
ation. SP has no effect on IP; production and contraction
in this smooth muscle [10]. The stimulatory effects of the
neuropeptide on cAMP accumulation were blocked by
quinacrine, a non-specific phospholipase A, inhibitor, and
Indo, a cyclooxygenase inhibitor, implying that SP-induced
cAMP formation in this tissue may be mediated through
AA metabolites. This conclusion is supported by the fol-
lowing findings in the present study. First, SP increased
cAMP accumulation in a time- and concentration-

SP
(A) ;
375mgl
1 min f
CCh
SP

(B) ;

Indo
375mgL J

1 min 5 min *
CCh

FIG. 8. Tracings showing the effects of SP in the absence
(A) and presence (B) of Indo on carbachol (CCh)-induced
contraction in isolated dog iris sphincter. The muscles were
pre-equilibrated in buffer for 90 min. In (B) 1 pM Indo was
added for 5 min; then the muscles were contracted by CCh
(1 pM) for 4 min, followed by the addition of 1 pM SP.
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dependent manner, the Ty, and EC5, values being 1.2 min
and 44 nM, respectively (Figs. 1 and 2). This £C5, value is
more than 7-fold higher than the ECs, value reported from
this laboratory for endothelin-1-induced cAMP accumula-
tion in cat iris sphincter [16]. Second, the SP-stimulated
cAMP formation was inhibited by quinacrine and by Indo
in a concentrarion-dependent manner with 1C5q values of
9.5 uM and 3.5 nM, respectively (Figs. 6 and 3). This ICs;
value for Indo inhibition is more than 45-fold lower than
the ICs, reported from this laboratory for Indo inhibition of
endothelin-1-induced cAMP accumulation in cat iris
sphincter [16]. The inhibitory effect of Indo on the peptide-
induced cAMP production in iris sphincter was species spe-
cific (Table 3). In general, the ICs, values for Indo inhibi-
tion of SP- and endothelin-induced cAMP production were
considerably lower in dog sphincters than cat sphincters,
and furthermore they were lower for SP-induced cAMP
production than for endothelin-induced ¢cAMP production
in both species (Table 3). Third, SP increased PGE, release
in a concentration-dependent manner (ECs5, = 80 nM) (Fig.
4), and this was inhibited by Indo in a concentration-
dependent manner (Ic5; = 0.8 nM) (Fig. 5). In addition,
quinacrine inhibited SP-induced AA release in a concen-
tration-dependent manner with an 1C55 of 11 uM (Fig. 7).
Many inhibitors of phospholipase A; have been reported in
the literature [27]; however, none, including quinacrine, is
a specific inhibitor of this enzyme. Eistetter et al. [28], work-
ing with recombinant bovine neurokinin-2 receptor stably
expressed in CHO cells, reported that addition of neuroki-
nin A to these cells stimulates both IP; production and
cAMP accumulation. These authors concluded that the
increased cAMP production is largely a secondary response
and can be at least partially attributed to autocrine stimu-
lation by endogenously generated eicosanoids, particularly
PGE,. Fourth, at 1 pM concentrations, PGE, and PGD;,
but not PGF,,, increased cAMP accumulation in the
sphincter muscle by 94 and 66%, respectively {Table 1),
and both PGE, and PGD,, but not SP, stimulated the ac-
tivity of adenylyl cyclase in membrane fractions isolated
from the dog iris sphincter (Table 2), implying that the SP
receptor is indirectly coupled to the activation of adenylyl
cyclase. The observed differences in potencies of the PGs
may not be due to the degradation of the PGs, although we

TABLE 3. Summary of ic;,values for Indo inhibition of SP-
and endothelin-induced cAMP production in dog and cat
iris sphincters

ICsovalues for Indo inhibition of
SP- and endothelin-induced
cAMP production

Additions Dog Cat
None 0.6 pM 1.1 M
SP (1 pM) 3.5nM 6 nM

Endothelin-1 (0.1 pM) 16 nM 160 nM*

* This value was taken from Ref. 16.
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have not monitored this degradation. Thus, both PGE, and
PGF,, are released by SP. PGF,,,, which has little effect on
cAMP accumulation, is a potent agonist for muscle con-
traction (ECsy = 7.0 x 107!° M) in this tissue [29], whereas
PGE,, which stimulates cAMP accumulation appreciably
(Table 1), has a weak effect on muscle contraction (ECsy =
7.3 x 1077 M). Fifth, Indo blocked the relaxing effect of SP
in sphincter muscle precontracted with carbachol (Fig. 8),
suggesting the involvement of PGs and cAMP in SP-
induced muscle relaxation. The inability to obtain a con-
centration—response of Indo on SP-induced muscle relax-
ation in dog iris sphincter could be explained by the fol-
lowing findings. (a) The relaxing effect of SP is relatively
small (Fig. 8A). This could be due to the fact that SP
induces the release of several AA metabolites whose com-
bined effects seem to relax the muscle. (b) SP-induced
PGE, release and ¢cAMP accumulation are extremely sen-
sitive to Indo in this species (Table 3).

The data presented may be explained by the scheme
given in Fig. 9. The physiological effects of PGE, are me-
diated through EP receptors. There are four EP receptor
subtypes: EP;, which is coupled to IP; production, Ca?*
mobilization and contraction; EP,, which is coupled to an
increased intracellular cAMP; EP;, which is coupled to a
decreased intracellular cAMP and inhibition of neurotrans-
mitter release [30}; and EP,, which is coupled to an in-
creased intracellular cAMP [31]. SP interacts with the neu-
rokinin receptor to activate phospholipase A,, via a G pro-
tein, and releases AA and subsequently AA metabolites.
The released PGE, then interacts with the EP, and EP,
receptor subtypes to activate adenylyl cyclase and increase
intracellular cAMP concentration, resulting in modulation
of muscle responses. Prostanoid agonists known to be rela-
tively selective for the EP, receptor subtype stimulate
cAMP formation in the smooth muscles of the iris-ciliary
body and induce relaxation [16, 22, 32, 33]. In dog iris
sphincter, addition of PGE, had little effect on carbachol-
induced muscle contraction; this could suggest other modu-
latory functions for SP-induced cAMP accumulation in this
tissue. In smooth muscle, activation of various receptors,
such as B-adrenergic and PGs, by cAMP-elevating agents
results in a rise in intracellular cAMP concentration and
subsequently leads to muscle relaxation. The mechanism of
cAMP inhibition of agonist-induced smooth muscle con-
traction remains unclear [34-36].

In the present study, we used Indo to investigate the

SP —— SP Receptor (or NK4R} —— G Protein —) Phospholipase Ay —+—

Quinacrine

Arachidonic Acid ——:11—} PGE; ——) EP Receptor ———) Adenylyl Cyclase

indo
—) cAMP Accumulation and Modulation of Muscle Responses

FIG. 9. Scheme showing the possible role of PGE, in medi-
ating the stimulatory effects of SP on cAMP accumulation
in dog iris sphincter smooth muscle.
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involvement of PGs in the observed effects of SP. We found
that SP can exert its function in this smooth muscle
through an Indo-sensitive pathway. Indo, in addition to
cyclooxygenase inhibition, may inhibit cartilage cAMP
phosphodiesterase [37], may interfere with the participation
of Ca®’* in biological processes [38], inhibit cAMP-
dependent protein kinases and endogenous phosphoryla-
tion [39], and inhibit PH]PGE, binding to human myome-
trial membranes [40], thromboxane binding to its receptor
sites [41], and dilator prostanoid binding to prostacyclin
receptors in cerebral microvascular smooth muscle cells
[42]. Although in these studies higher concentrations of
Indo were used (1077 to 107> M) than in the present study
(1078 to 107® M), we cannot rule out other effects of the
inhibitor in the iris sphincter in addition to its inhibition of
the cyclooxygenase pathway.

There is little information about neurokinin receptors in
ocular tissues. The presence of SP receptors has been re-
ported in membrane fractions isolated from rabbit iris
sphincter [10, 43]. The density of SP receptors in rabbit,
bovine, and dog sphincters was found to be 227, 110.9, and
13.6 fmol/mg protein, respectively, and the K values were
1.9, 1.8, and 1.3 nM, respectively [10}. In human astrocy-
toma cells, which have a high density of functional SP
receptors, saturation binding experiments yielded average
values of K; = 447 + 103 pM, B, = 862 * 93 fmol/mg
protein [44]. SP induced a robust inosito!l phosphate forma-
tion in these cells. In the iris sphincter there are species
differences in the effects of SP, endothelins, and PGs on the
generation of second messengers and contraction [10, 45,
46]. Thus, in contrast to endothelin-1 which activates
phospholipases A,, C and D in iris sphincters from different
mammalian species [45, 46], in dog sphincter SP activated
only phospholipase A, [the present work, and unpublished
work of G. Marathe, S. Y. K. Yousufzai and A. A. Abdel-
Latif]. Activation of phospholipase A, the cyclooxygenase,
or PGE, synthase by the neuropeptide could result in an
increase in PGE, formation.

To summarize, in dog iris sphincter SP binds to the neu-
rokinin receptor to activate phospholipase A; and release
AA; the latter is then converted into PGs that activate the
EP receptor to stimulate adenylyl cyclase. Thus, increases in
cAMP represent a mechanism by which extracellular SP
can regulate smooth muscle function. SP-induced cAMP
formation may function in this cholinergically enriched
muscle to modulate the physiological responses to musca-
rinic receptor stimulation. However, further studies are
needed in order to establish the precise role SP-induced PG
release and cAMP accumulation play in the modulation of
muscle responses in the iris of the eye. It must be empha-
sized that smooth muscle constitutes only a small percent-
age of the mass of the iris sphincter, thus leaving the pos-
sibility that these responses to SP may be occutring in some
non-smooth muscle component of the preparation. Very
recently, we succeeded in immortalizing with SV, virus
the cat iris sphincter smooth muscle cells [47], and studies
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are underway to determine if the effects of SP on second-
messenger production in these cells are comparable to those
we observed with the intact tissue.

This work was supported by NIH Grants R37 EY-04171 and EY-
04387 from the U.S. Public Health Service. The authors wish to thank
Ashley Skinner for typing the manuscript.
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