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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 Tl12 and ECsO 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 (1~~~ = 

9.5 FM), and by indomethacin (Indo), a cyclooxygenase inhibitor (1~~~ = 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,) re ease were inhibited concentration 1 
dependently by quinacrine and Indo, with IC,, values of 11 FM and 0.8 nM, respectively. (4) PGE, (1 PM) 

increased CAMP formation in the sphincter muscle by 94%, and, furthermore, the PC, but not SP, stimulated 
the activity of adenylyl cyclase in membrane fractions isolated from this tissue. (5) Indo (1 PM) blocked the 
relaxing effect of SP (1 p,M) in iris sphincter precontracted with carbachol (1 JLM). (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 PCs, 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- 

kinins, is an 11 amino acid peptide that belongs to the 

tachykinin family of neuropeptides. It is produced by neu- 

rons in the central and peripheral nervous system where it 

is mostly localized in the nerve terminals [l, 21. Extensive 
research has been performed on the pharmacological effects 
of tachykinins, especially SP. Neurotransmitter, neuro- 
modulator, and other reported functions of SP include con- 
traction of smooth muscle, stimulation of secretion, neuro- 
transmitter effects, pain transmission (nociception), vascu- 
lar effects, immunomodulation, and cell proliferation [3, 41. 

In the past few years, the molecular cloning of comple- 
mentary DNAs encoding rat and human SP receptors has 
been accomplished [5,6], and it is well established now that 
this receptor is a member of the GTP binding protein- 
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coupled receptor family. Studies on the SP receptor stably 
expressed by DNA transfection into CHO cells and exam- 
ined for its ability to stimulate IP, and CAMP formation 
revealed that SP activates the production of both second 
messenger molecules in a concentration-dependent manner 
[7]. In a similar study Nakajima et al. [8] reported that in 
CHO cells expressing three different tachykinin receptors 
the stimulation of CAMP accumulation is much less effi- 
cient in all three receptors and requires about one order of 
magnitude higher of the peptides than that required for the 
IP, production. SP-induced CAMP accumulation is not a 
consistent observation in various cells and tissues where the 
SP receptor is expressed, although it has been observed in 
certain tissues such as brain [9], iris sphincter smooth 
muscle, depending on the species [lo], and CHO cells ex- 
pressing SP receptors [7, 81. In this connection, several 
years ago Maggio [2] concluded that a direct adenylate cy- 
clase response to a tachykinin had not yet been convinc- 
ingly demonstrated; however, this conclusion should now 
be modified to take into account the more recent work 
done with the cloned receptors [7, 81. 

In the eye, SP is ubiquitous in a11 ocular tissues, and its 
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distribution varies among different species [4, 1 I]. 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 [lo, 13-151. I n iris sphincter, SP induces II’, 
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 II’, and contrac- 
tion in these species [lo]. In addition, SP induces relaxation 
in dog iris sphincter precontracted with carbachol, suggest- 
ing the involvement of CAMP [lo]. Very recently, we found 
that endothelin-l-stimulated CAMP accumulation in iris 
sphincter [16] and in ciliary muscle 1171 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 [16-191. 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); 1251-PGE2 and lz51- 
CAMP RIA kits (Advanced Magnetics, Boston, MA); and 
t3H]AA (100 Ci/mmol) (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% OJ3% C02. 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 

incubation continued for another 5 min or as indicated. 
Indo, a cyclooxygenase inhibitor, and quinacrine, a non- 
specific phospholipase Az 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 PcjE, 

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 [3H]AA Release 

Muscles were first prelabeled with [3H]AA; then the effects 
of SP on AA release were investigated. The muscles were 
incubated in 1 mL buffer containing 1 p,Ci [3H]AA/mL for 
90 min at 37”. The tissues were washed five times with 
nonradioactive buffer, then incubated for an additional 15 
min in the same buffer. Incubations with quinacrine were 
for 10 min. Then SP (1 PM) 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 [3H]AA 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 p-L 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 kg creatine phosphokinase, 20 PM GTP, 2 mM 
IBMX, 0.2 mM ATP, 2.5 PM Indo, and membrane suspen- 
sion (15-25 kg 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 f SEM. Values for CAMP 
are reported as picomoles per milligram of protein and for 
PGE, as nanograms per milligram of protein. The EC50 

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 W-induced CAMP Formation 

Addition of 1 PM SP increased CAMP formation in dog iris 
sphincter in a time-dependent manner with a TI,, 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 ( 10-9-10-5 M) with an EC50 of 4.4 X 10-s M (Fig. 2). 
Maximal increase in CAMP accumulation was obtained at 
l-10 PM concentrations of the peptide. 

Concentration-Response Effect of 
Indo on W-Induced cAh4P Formation 

lndo, a cyclooxygenase inhibitor, inhibited SP-stimulated 
CAMP formation in a concentration-dependent manner 
(1O-9-1O-6 M) with an F+, 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 (10-9-10-5 M) with an EC50 of 80 nM (Fig. 4). 
Maximal increase in PGE, release was seen at l-10 p,M 
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FIG. 1. Time-course of W-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 pmoYmg 
protein. The results are means * SEM, N = 12. 

-Log Substance P, M 

FIG. 2. Concentration-response effects of SP on intracekr- 
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 3 12 * 32 pmoYmg protein. The 
results are means * SEM, N = 13. 
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concentrations of the neuropeptide. SP also increased 
PGF,, release (data not shown). 
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Concentration-Response Effect 
of lndo on SP-hduced PSE, Release 

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

Effects of Various PC+ 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 FM, 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-htduced CAMP Formation 

Quinacrine, a non-specific phospholipase A, inhibitor, in- 
hibited SP-induced CAMP formation in a concentration- 
dependent manner with an IC,, of 9.5 PM (Fig. 6). These 
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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 m SP) was 
465 * 32 pmoUmg protein. The results are means * SEM, 
N = 12. 

-Log Substance P, M 

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 2 SEM, N = 7. 

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

Concentration-Response Effect 
of Quinacrine on SP-induced AA ReZease 

It 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 [3H]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 
ph4) for 5 min. The control value for PGE, (in the presence 
of 1 pM SP) was 37 * 2.5 nglmg protein. The results are 
means t SEM, N = 10. 
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TABLE 1. Effects of PGs on intracelhdar CAMP formation in 
dog iris sphincter 

Additions 
Concentration 

(IW 

CAMP formation 
(% of control) 

PGE, 0.1 156 k 9* 
1 194 + 6* 

10 221 f 17* 
PGD, 0.1 152 CL 11* 

1 166 k 8* 
10 190 f 8* 

PGL 0.1 102 f 2 
1 109 f 4 

10 124 + 8* 

Dog ins sphmcters 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 t 25 pmol/mg protein. The results are means f 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 FM) increased the release of 
[3H]AA by about 31%, and this increase was blocked by 
quinacrine in a concentration-dependent manner with an 
lcsO of 11 FM. 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, 261. 

Effect of SP on Adenylyl Cycluse Activity 

in Membranes Isolated from Dog h-is 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 .O pM). Time of incubation with SP was 
5 min. The basal value for CAMP formation in iris sphincter 
was 300 * 25 pmobmg protein. The results are means * 
SEM, N = 12. 
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FIG. 7. Concentration-response effect of quinacrine on SP- 
induced [3H]AA release by dog iris sphincter. Muscles were 
incubated in 1 mL Krebs-Ringer bicarbonate buffer (pH 
7.4) that contained 1 pCi 13H]AA 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. 
tiona15 min. The incubations were terminated by the addi- 
tion of 10% formic acid, and [3H]AA released into the me- 
dium was analyzed by radiochromatography. The basal 
value for the release of [3H]AA 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 
FM). SP was ineffective in stimulating the enzyme at both 
concentrations (1 and 5 FM) 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 

Additions 
Adenylyl cyclase activity 

(% of control) 

SP (1 FM) 100 * 3 
SP (5 /.W llOk9 
PGE, (1 FM) 142 + 6* 
PGD, (1 +I) 124 f 8* 
Isoproterenol (1 FM) 155 * 14* 

Adenylyl cyclase assay was performed as described under Materials and Methods. The 
basal value for the cyclase activity was 66 r 8 pmol of CAMP formed/kg protein/l0 

min. The results are means + SEM. N = 9. 

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

Since in smooth muscle CAMP is involved in muscle re- 
laxation, it was of interest to determine whether SF’ could 
function to induce relaxation in the dog iris sphincter. Ad- 
dition of SP (1 FM) 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 PM) 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 PGEz (1 PM) 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 [lo]. 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 
(4 

37.5 mgL / 
1 min 

t 

(B) 

CCh 
SP 

1 
lndo 

37.5 mg l_ L-J 
1 min 5 min 

t 
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 CCb 
(1 J.M) for 4 min, followed by the addition of 1 I.M SE’. 

dependent manner, the T,,, and EC50 values being 1.2 min 
and 44 nM, respectively (Figs. 1 and 2). This EC,, value is 
more than 7-fold higher than the EC,, 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 concentration-dependent manner with K+, values of 
9.5 PM and 3.5 nM, respecrively (Figs. 6 and 3). This lcso 

value for Indo inhibition is more than 45-fold lower than 
the ICKY reported from this laboratory for Indo inhibition of 
endothelin-l-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 ICKY 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 (E+, = 80 nM) (Fig. 
4), and this was inhibited by Indo in a concentration- 
dependent manner (F+, = 0.8 nM) (Fig. 5). In addition, 
quinacrine inhibited SP-induced AA release in a concen- 
tration-dependent manner with an IC,, of 11 FM (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 
PGE2. Fourth, at 1 PM concentrations, PGE, and PGD,, 
but not PGF,,, increased CAMP accumulation in the 
sphincter muscle by 94 and 66%, respectively (Table I), 
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 

Ic,,values for Indo inhibition of 
SP- and endothelin-induced 

CAMP production 

Additions 

None 
SP (1 PM) 
Endothelin-1 (0.1 PM) 

Dog 

0.6 FM 
3.5 nM 

16 nM 

Cat 

1.1 +M 
6 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 (EC& = 7.0 x lo-” M) in this tissue [29], whereas 
PGE,, which stimulates CAMP accumulation appreciably 
(Table l), has a weak effect on muscle contraction (Er.& = 

7.3 x lo-7 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). Th is 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 [3 11. 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 PGEz 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, 331. 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 P-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 [34-361. 

In the present study, we used Indo to investigate the 

SP -_) SP Receptor (or NKlR)-_) G Protein --_) Phospholipase A2 _) 

t 
Puinacrine 

Arachidonic Acid -> PGE2 -b EP Receptor -> Adenylyl Cyclase 

t 
lndo 

--) 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. 

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 [3H]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 ( 10m7 to 10m3 M) than in the present study 
(10-s to 10m6 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 [lo, 431. 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 Kd values were 
1.9, 1.8, and 1.3 nM, respectively [lo]. In human astrocy- 
toma cells, which have a high density of functional SP 
receptors, saturation binding experiments yielded average 
values of Kd = 447 + 103 pM, B,,, = 862 f 93 fmol/mg 
protein [44]. SP induced a robust inositol 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 [lo, 45, 
461. Thus, in contrast to endothelin-1 which activates 
phospholipases A,, C and D in iris sphincters from different 
mammalian species [45, 461, 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- 
Latifl. 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 A2 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 occurring 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 NlH Grunts R37 EY-04171 and EY- 
04387 from the U.S. Public Health Service. The authors wish to thank 
Ashley Skinner for typing the manuscript. 

References 

1. 
2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Pemow 8, Substance P. Ph.armacol Rew 35: 85-141, 1983. 
Maggio JE, Tachykinins. Annu Reo Neurosci 11: 13-28, 1988. 
Otsuka M and Yoshioka K, Neurotransmitter functions of 
mammalian tachykinins. Physiol Rew 73: 229-230, 1993. 
Kahl BF and Reid TW, Substance P and the eye. Prog Retinal 
Eye Res 14: 473-504, 1995. 
Yokota Y, Sasai Y, Tanaka K, Fujiwara T, Tsuchida K, Shi- 
gemoto R, Kakizuka A, Ohkubo H and Nakanishi S, Molecu- 
lar characterization of a functional cDNA for rat substance P 
receptor. .I Biol Chem 264: 17649-17652, 1989. 
Takeda Y, Chou KB, Takeda J, Sachais BS and Krause JE, 
Molecular cloning, structural characterization and functional 
expression of the human substance P receptor. Biochem Bio- 
phys Res Commun 179: 1232-1240, 1991. 
Takeda Y, Blount P, Sachais BS, Hershey AD, Raddatz R and 
Krause JE, Ligand binding kinetics of substance P and neuro- 
kinin A receptors stably expressed in Chinese hamster ovary 
cells and evidence for differential stimulation of IP, and 
CAMP second messenger responses. .J Neurochem 59: 740- 
745, 1992. 
Nakajima Y, Tsuchida K, Negishi M, Ito S and Nakanishi S, 
Direct linkage of three tachykinin receptors to stimulation of 
both phosphatidylinositol and CAMP cascades in transfected 
Chinese hamster ovary cells. J Biol Chem 267: 2437-2442, 
1992. 
Duffy MJ and Powell D, Stimulation of brain adenylate cy- 
clase activity by the undecapeptide substance P and its modu- 
lation by the calcium ion. Biochim Biophys Acta 385: 275- 
280, 1975. 
Tachado SD, Akhtar RA, Yousufzai SYK and Abdel-Latif 
AA, Species differences in the effects of substance P on ino- 
sitol trisphosphate accumulation and cyclic AMP formation 
and on contraction in isolated iris sphincter of the mamma- 
lian eye: Differences in receptor density. Exp Eye Res 53: 
729-739, 1991. 
Elbadri AA, Shaw C, Johnston CF, Archer DB and Buchanan 
KD, The distribution of neuropeptides in the ocular tissues of 
several mammals: A comparative study. Camp Biochem Physiol 
1OOC: 625-627, 1991. 
Bill A, Stjemschantz J, Mandahl A, Brodin E and Nilsson G, 
Substance P: Release on trigeminal nerve stimulation, effects 
in the eye. Acm Physiol Stand 106: 371-373, 1979. 
Butler JM and Hammond BR, The effects of sensory dener- 
vation on the responses of the rabbit eye to prostaglandin E,, 
bradykinin and substance P. Br J Pharmacol 69: 495-502, 
1980. 
Unger WG and Tighe J, The response of the isolated iris 
sphincter muscle of various mammalian species to substance 
P. Exp Eye Res 39: 677-684, 1984. 
Yousufzai SYK, Akhtar RA and Abdel-Latif AA, Effects of 
substance P on inositol trisphosphate accumulation, on con- 
tractile responses and on arachidonic acid release and pros- 
taglandin biosynthesis in rabbit iris sphincter muscle. Exp Eye 
Res 43: 215-226, 1986. 
Yousufzai SYK, Ye Z and Abdel-Latif AA, Prostaglandins me- 
diate the stimulatory effects of endothelin-1 on CAMP accu- 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

mulation and IP, production and contraction in cat iris 
sphincter. .I Pharmacol Exp Ther 275: 1280-1287, 1995. 
Abdel-Latif AA, Yousufzai SYK, El-Mowafy AM and Ye 2, 
Prostaglandins mediate the stimulatory effects of endothe- 
lin-1 on CAMP accumulation in ciliary muscle isolated from 
bovine, cat and other mammalian species. Invest Ophthalmol 
Vis Sci 37: 328-338, 1996. 
Howe PH, Akhtar RA, Naderi S and Abdel-Latif AA, Cor- 
relative studies on the effect of carbchol on myo-inositol tris- 
phosphate accumulation, myosin light chain phosphorylation 
and contraction in sphincter smooth muscle of rabbit iris. J 
Pharmacol Exp Ther 239: 574-583, 1986. 
Honkanen RE and Abdel-Latif AA, Characterization of cho- 
linergic muscarinic receptors in the rabbit iris. Biochem Phar- 
macol37: 2575-2583, 1988. 
Frandsen EK and Krishna G, A simple ultrasensitive method 
for the assay of cyclic AMP and cyclic GMP in tissues. Life Sci 
18: 529-542, 1977. 
Yousufzai SYK and Abdel-Latif AA, The effects of alpha,- 
adrenergic and muscarinic cholinergic stimulation on prosta- 
glandin release by rabbit iris. Prostaglandins 28: 399-415, 
1984. 
Yousufzai SYK, Zheng I’ and Abdel-Latif AA, Muscarinic 
stimulation of arachidonic acid release and prostaglandin syn- 
thesis in bovine ciliary muscle: Prostaglandins induce CAMP 
formation and muscle relaxation. Exp Eye Res 58: 513-522, 
1994. 
Mittag T’W, Tormay A and Podos SM, Manganous chloride 
stimulation of adenylate cyclase responsiveness in ocular cili- 
ary process membranes. Exp Eye Res 46: 841-851, 1988. 
Lowry OH, Rosenbrough NJ, Farr AL and Randall RJ, Protein 
measurement with the Folin phenol reagent. _I Biol Chem 193: 
265-275, 1951. 
Dise CA, Burch JW and Goodman DBP, Direct interaction of 
mepacrine with erythrocyte and platelet membrane phospho- 
lipid. J BioI Chem 257: 4701-4704, 1982. 
Abdel-Latif AA and Smith JP, Studies on the incorporation 
of [l-14C]arachidonic acid into glycerolipids and its conver- 
sion into prostaglandins by rabbit iris. Effects of anti- 
inflammatory drugs and phospholipase A, inhibitors. Biochim 
Biophys Acta 711: 478-489, 1982. 
Glaser KB, Mob&o D, Chang JY and Senko N, Phospholi- 
pase A, enzymes: Regulation and inhibition. Trends Pharma- 
col Sci 14: 92-98, 1993. 
Eistetter HR, Church DJ, Mills A, Godfrey PP, Capponi AM, 
Brewster R, Schulz M-F, Kawashima E and Arkinstall SJ, 
Recombinant bovine neurokinin-2 receptor stably expressed 
in Chinese hamster ovary cells couples to multiple signal 
transduction pathways. Cell Regtd 2: 767-779, 1991. 
Yousufzai SYK, Chen A-L and Abdel-Latif AA, Species dif- 
ferences in the effects of prostaglandins on inositol trisphos- 
phate accumulation, phosphatidic acid formation, myosin 
light chain phosphorylation and contraction in iris sphincter 
of the mammalian eye: Interaction with the CAMP system. .J 
Pharmacol Exp Ther 247: 1064-1072, 1988. 
Coleman RA, Kennedy I, Humphrey PPA, Bunce K and 
Lumley P, Prostanoids and their receptors. In: Medicinal 
Chemistry (Eds. Hansen C, Sammers PG and Taylor JB), Vol. 
3, pp. 643-714. Pergamon Press, Oxford, 1990. 
Coleman RA, Grix SP, Head SA, Louiiti JB, Mallet A and 
Sheldrick RLG, A novel inhibitory prostanoid receptor in 
piglet saphenous vein. Prosmglandins 47: 151-168, 1994. 
Chen J and Woodward DF, Prostanoid-induced relaxation of 
precontracted cat ciliary muscle is mediated by EP, and DP 
receptors. Invest Ophthalmol Vis Sci 33: 3195-3201, 1992. 
Bhattacherjee P and Paterson CA, Studies on prostanoid re- 
ceptors in ocular tissues. J Ocul Pharmncol 10: 167-175, 1994. 
De Lanerolle P, Nishikawa P, Yost DA and Adelstein RS, 



Mediation by PCs of SP-Induced CAMP Production 1269 

Increased phosphorylation of myosin light chain kinase after 
an increase in cyclic AMP in intact smooth muscle. Science 
223: 1415-1417, 1984. 

35. Rasmussen H, Kelly G and Douglas JS, Interactions between 
Ca ‘+ and CAMP messenger systems in regulation of airway 
smooth muscle contraction. Am J Physiol 258: L279-L288, 
1990. 

36. Abdel-Latiff AA, Cross talk between cyclic AMP and the 
polyphosphoinositide signaling cascade in iris sphincter and 
other nonvascular smooth muscle. Proc Sot Exp Biol Med 211: 
163-177, 1996. 

37. Newcombe DS, Thanasi NM and Ciosek CP, Cartilage cyclic 
nucleotide phosphodiesterase: Inhibition by anti-inflamma- 
tory agents. Life Sci 14: 509-519, 1974. 

38. Northover BJ, Indomethacin-A calcium antagonist. Gen 
Pharmacol 8: 293-296, 1977. 

39. Kantor HS and Hampton M, Indomethacin in submicromolar 
concentrations inhibits CAMP-dependent protein kinase. hJa- 
ture 276: 841-842, 1978. 

40. Rees MCP and Bernal AL, Effect of inhibitors of prostaglan- 
din synthesis on uterine prostaglandin E receptor binding. Br 
J Obstet Gynaecol96: 1112-l 113, 1989. 

41. Wilkes BM, Hollander AM, Sung SY and Mento PF, Cyclo- 
oxygenase inhibitors blunt thromboxane action in human 

placental arteries by blocking thromboxane receptors. Am J 
Physiol 263: E718-E723, 1992. 

42. Parfenova H, Hsu P and Leffler CW, Dilator prostanoid- 
induced cyclic AMP formation and release by cerebral micro- 
vascular smooth muscle cells: Inhibition by indomethacin. J 
PharmacoE Exp Ther 272: 44-52, 1995. 

43. Too HP, Unger WC and Hanley M, Evidence for multiple 
tachykinin receptor subtypes on the rabbit iris sphincter 
muscle. Mel Pharmacol 33: 64-71, 1987. 

44. Johnson CL and Johnson CC, Characterization of receptors 
for substance P in human astrocytoma cells: Radioligand 
binding and inositol phosphate formation. J Neurochem 5: 
471477, 1992. 

45. Abdel-Latif AA, Ding K-H, Akhtar RA and Yousufzai SYK, 
Effects of endothelin on phospholipases and generation of 
second messengers in cat iris sphincter and SV-CISM-2 cells. 
J Lipid Mediat Cell Signal, in press. 

46. Abdel-Latif AA, Phosphoinositides and arachidonic acid sig- 
nalling in the iris. Prog Retinal Eye Res 14: 75-107, 1995. 

47. Ocklind A, Yousufzai SYK, Ghosh S, Coca-Prados M, Stjern- 
schantz J and Abdel-Latif AA, Immortalization of cat iris 
sphincter smooth muscle cells by SV,, virus: Growth, mor- 
phological, biochemical and pharmacological characteristics. 
Exp Eye Res 61: 535-545, 1995. 


